Low Cost Electronically Steered Phase Arrays for Weather Applications by Sanchez-Barbetty, Mauricio
University of Massachusetts Amherst
ScholarWorks@UMass Amherst
Open Access Dissertations
2-2011
Low Cost Electronically Steered Phase Arrays for
Weather Applications
Mauricio Sanchez-Barbetty
University of Massachusetts Amherst
Follow this and additional works at: https://scholarworks.umass.edu/open_access_dissertations
Part of the Electrical and Computer Engineering Commons
This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It has been accepted for inclusion in
Open Access Dissertations by an authorized administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.
Recommended Citation
Sanchez-Barbetty, Mauricio, "Low Cost Electronically Steered Phase Arrays for Weather Applications" (2011). Open Access
Dissertations. 343.
https://scholarworks.umass.edu/open_access_dissertations/343
 LOW COST ELECTRONICALLY STEERED PHASE ARRAYS FOR WEATHER 
APPLICATIONS 
 
 
 
 
 
 
A Dissertation Presented 
 
 
by 
 
MAURICIO SANCHEZ BARBETTY 
 
 
 
 
 
 
 
 
 
Submitted to the Graduate School of the 
University of Massachusetts Amherst in partial fulfillment 
of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
February 2011 
 
 
Electrical and Computer Engineering  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Copyright by Mauricio Sanchez Barbetty 2011 
All Rights Reserved 
LOW COST ELECTRONICALLY STEERED PHASE ARRAYS FOR WEATHER 
APPLICATIONS 
 
 
 
A Dissertation Presented 
 
by 
 
MAURICIO SANCHEZ BARBETTY 
 
 
Approved as to style and content by: 
 
 
______________________________________  
Robert W. Jackson, Chair 
 
 
______________________________________  
Stephen Frasier, Member 
 
 
______________________________________  
Daniel H. Schaubert, Member 
 
 
______________________________________  
Gopal Narayanan, Member 
 
 
___________________________________  
Christopher V. Hollot, Department Head 
Electrical and Computer Engineering 
 
 
DEDICATION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To Alicia, Andrea, Daniela and Katya.  
 
 
 
 
 
 
 v 
ACKNOWLEDGMENTS 
 
First I would like to thank my adviser, Robert W. Jackson, for being my mentor 
and guiding me in the process of becoming a microwave engineer. I have benefited 
greatly from his guidance and from his experience during my years at UMASS. He 
provided me with insights and solid foundations that are now part of my knowledge and 
which I am taking with me to my future career. I do not think I would have been able to 
reach the end of my graduate career without his commitment, encouragement and advice 
over the years. 
I would also like to thank Stephen Frasier, Daniel H. Schaubert and Gopal 
Narayanan for taking the time to be on my dissertation committee and their valuable 
input on my dissertation manuscript. 
Special thanks to the members of LAMMDA, which include Nidhi Khandelwal, 
who provided guidance in design, measurements, and simulations, and who enriched life 
in the laboratory in general; Ryan Johnson and Arash Mashayekh for the valuable aid and 
feedback during the development of my research; Jeff Shatzman for his help with 
circuits, electronics and discussions about systems in general. Thanks also to the 
members of Antenna Laboratory; to Andrew Mandeville for developing the preliminary 
concept for the single layer surface mount active antenna; to Steve Holland and Georgios 
Paraschos for their help with HFSS; to Justin Creticos and Eric Marklein for their help 
with antenna measurements.  
I would not be able to reach this point of my career without the help of many 
members of the Microwave and Remote Sensing Lab MIRSL. Extra special thanks to 
 vi 
Dragana Perkovic who became my mentor in the graduate student life and an invaluable 
friend. Many thanks to Razi Ahmed, Ninoslav Majurec, Anthony Swochak, Pei Sang, 
Karthik Srinivasan, and Tom Harley for their help with equipment, parts, measurements, 
discussion, lessons and solving problems of all kinds. Thanks to Jorge Salazar and Rafael 
Medina for being valuable sources of references and discussions on phased array 
technology and antennas. Thanks also to Gita Pathak and Jorge Trabal for their help as 
study partners during the toughest courses of the doctorate program.  
I want to give special thanks to John Nicholson for his help with wire bonding 
and soldering of the prototypes developed during this research. Also thanks to Enrique 
Carrion, Martin Muthee and Kan Fu of Terahertz lab for helping with soldering and 
measurement equipment. Many thanks to Mary McCulloh for her help with contracts, 
purchase orders and tips about life in Massachusetts. I am grateful to Sandra Gross and 
Barbara Barnett for their pleasant disposition and invaluable help with administrative 
processes at UMASS.  
I want to make a special mention to Jose Colom who, as my advisor during my 
Master’s, encouraged me to pursue the doctoral degree. His guidance during my time in 
Puerto Rico provided the foundations for the work that I have worked on developing in 
Massachusetts. He has been a true mentor, not only with academic matters but also a 
great contributor to my personal and professional development. 
On a personal level I would like to thank Adri Bekker, my long-time roommate 
and friend. Adri is the best problem solver that I know, her support and resourcefulness 
helped me feel comfortable and overcome every obstacle in the new environment in 
Massachusetts. Adri, Lusya Gordievsky, Razi Ahmed, Dragana Percovic and Katya 
 vii 
Migacheva, have become my Amherst family, and I cherish and value their friendship 
and support.  
During my time of Massachusetts I was fortunate to find the love of my life, 
Katya Migacheva. Katya has been my best friend, supporter and companion. We have 
tried to motivate each other to achieve our goals. Now that I am close to obtaining my 
doctorate degree, I hope I can offer the same or more support for what is left of her 
doctorate program.  
Finally I would like to thank my family. They are the force that keeps me going 
every day of my life. My mother has given the love and understanding that remind me 
that no matter how big the challenge, she is always there for me. My sister is my 
confidant and a number one fan. My father taught me the value of hard work and 
impeccable work ethics. I also thank him for the economic support he provided in my 
times of need. I am deeply grateful to my family, and I devote all of my successes – past, 
present, and future – to them.  
 viii 
ABSTRACT 
LOW COST ELECTRONICALLY STEERED PHASE ARRAYS FOR 
WEATHER APPLICATIONS  
 
FEBRUARY 2011 
 
MAURICIO SANCHEZ BARBETTY  
B.S., PONTIFICIA UNIVERSIDAD JAVERIANA BOGOTA 
M.S., UNIVERSITY OF PUERTO RICO AT MAYAGÜEZ 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Robert W. Jackson  
 
 
The Electronically Steered Phased Array is one of the most versatile antennas 
used in radars applications. Some of the advantages of electronic steering are faster scan, 
no moving parts and higher reliability. However, the cost of phased arrays has always 
been prohibitive – in the order of $1M per square meter. 
The cost of a phased array is largely impacted by the cost of the high frequency 
electronics at each element and the cost of packaging. Advances in IC integration will 
allow incorporating multiple elements such as low noise amplifier, power amplifier, 
phase shifters and up/down-conversion into one or two ICs. Even though the cost for 
large quantities of ICs (both Silicon and GaAs) has lowered, the high cost of IC 
packaging and the array backplane still make the use of phase arrays for radar 
applications costly. 
The focus of this research is on techniques that reduce the packaging and the 
backplane cost of large electronically steered arrays. These techniques are based on 
simplified signal distributions schemes, reduction of layers in the backplane and use of 
 ix 
inexpensive materials. Two architectures designed based on these techniques, as well as a 
novel BGA active antenna package for dual polarized phased arrays are presented. The 
first architecture, called the series fed row-column architecture, focuses on the reduction 
of phase shifters and control signals used in the backplane of the array. The second 
architecture, called the parallel plate feed architecture, is based on a simplified scheme 
for distribution of the local oscillator signal. A prototype making use of each one of these 
architectures is presented. Analysis of advantages and disadvantages of each of these 
architectures is described.  
 The necessity of cost reduction is a factor that can possibly impact the 
polarization performance of the antenna. This factor is a motivation to study and develop 
calibration techniques that reduce the cross-polarization of electronically steered phased 
arrays. Advances on Interleaving Sparse Arrays, a beam forming technique for 
polarization improvement/correction in phased arrays, are also presented. 
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CHAPTER 1 
INTRODUCTION 
1.1 Motivation 
The Electronically Steered Phased Array is one of the most versatile antennas 
used in radars applications. Some of the advantages of electronic steering are the rapid 
scanning of the beam and the possibility of adaptively creating nulls in desired directions. 
The absence of mechanical parts eliminates the problem of inertia and reduces the weight 
and power consumption of the antenna system. However, the main disadvantage of 
electronically steered arrays is their high cost. Progress in cost reduction is crucial [1] if 
such arrays are to be used in large networks of commercial sensing systems. The 
proposed work is focused on techniques to reduce the cost of this type of antennas in 
order to use them for weather and commercial applications. 
Currently, precipitation and wind measurements in the United States are carried 
out mainly by NEXRAD (Next Generation Radar). The main challenge for this network 
of 148 WSR-88 Doppler radars is their long range (~150mi). In long range 
measurements, the curvature of the earth impedes observations in the lower part of the 
atmosphere where most of the meteorological phenomena occur. The center for 
Collaborative Adaptive Sensing of the Atmosphere CASA is conducting research to add a 
network of short range radars to the existing NEXRAD system. These radars should be 
able to measure Doppler and polarimetric parameters (e.g. differential reflectivity - Zdr) 
[2]. Moreover, this network is designed to control multiple radars adaptively to obtain 
weather observations that vary depending on the weather phenomena and the needs of the 
users of the system. The viability of such deployment depends on the cost and versatility 
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of these short range radars. Phased array radars have the advantage of versatility, but their 
present high cost makes the unsuitable for this type of system.  
Usually, the cost of high frequency electronics, the need of complex multilayer 
boards and the use of 3D structures for signal distribution/combining are some of the 
factors that increase the cost of phased arrays. In an electronically steered phased array, 
each radiating element normally has low noise amplifiers, power amplifiers, phase 
shifters, and, more recently, up/down converters. Advances in IC integration will permit 
all of these functions to be integrated into one or two ICs. However, the cost for large 
quantities of ICs (both Silicon and GaAs) has become low enough that the IC packaging 
and array backplane are a larger part of the array cost than the electronics.  
The focus of this research is to examine methods to reduce the complexity and the 
cost of phased arrays for weather radars. This will be done from two standpoints. The 
first one is the array architecture and the physical aspects of the panel. The second one 
focuses on algorithms for polarization control in phased arrays. New architectures and 
antenna elements as well as novel techniques for signal distribution and combining will 
be presented. Analysis of the tradeoffs and design guidelines for future phased arrays will 
be included focusing on the applications in the X-band frequency range.  
1.2 Previous work 
Phased arrays date back as early as the Second World War, when Nobel prize 
winner Luis Alvarez developed the Microwave Early Warning System of MEW, a radar 
used for missile detection that could be steered electronically without the need of 
mechanical scanning. The use of the row-column architecture dates back to 1937 when 
H.T. Friis and C.B. Feldman reported a system called MUSA (Multiple Unit Steerable 
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Antenna) [3], since then it has become a common way to implement scanning in planar 
arrays [3-7] due to its simplicity compared to the phase shifter per element approach. 
Reports on planar arrays include ferrite phase shifters [3][5], solid state phase shifters [6] 
and diode controlled mediums [7] as phase control mechanisms. The number of elements 
ranges from a few hundreds to ~12,000 for radars operating in frequencies from S to Ku 
band and with costs that are usually above $1M per square meter. 
With new technologies like the system on chip and system on package it has 
become evident that a solid state transceiver per antenna or group of antennas is a 
promising solution for a phased array. Reports of entire phased arrays on a single chip 
have been presented at higher frequencies (40-45GHz) [8], but the phased array on chip 
is not a practical solution at X-band due to size limitations. For remote sensing a 1-2° 
antenna beam-width is desired; this requires an aperture of about 1m2 with elements 
spaced half a wavelength (~1.5cm) from each other in order to avoid grating lobes. The 
LAMMDA laboratory at the University of Massachusetts has started to work on the 
design of the low cost electronics to be used at each element [9][10]. Reducing the cost of 
the antenna panel where all the elements are mounted is the challenge that remains after 
the design of the transceiver circuit is completed.  
1.3 Objectives 
The main goal of this work is to present methods to reduce the cost of phased 
arrays. In order to meet this requirement, inexpensive substrates, affordable 
manufacturing processes, and low cost active elements become key factors to take into 
account in the design of new panel architectures. This leads us to work on two main 
objectives, the first one is the study of signal distribution and combining networks in low 
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cost manufacturing materials and processes, and the second objective is the establishment 
of algorithms for polarization improvement/correction that are enabled by the use of 
active element phased arrays. Achieving the first objective ensures the reduction of cost 
of the array, while the second objective aims at maintaining low cost while meeting the 
specifications required by meteorological community [11][12].  
Research in signal distribution and panel cost reduction was done with the study 
of two architectures. The first one is the series fed row-column architecture, and the 
second one is the parallel plate feed architecture. A prototype making use of each one of 
these architectures is presented. Analysis of advantages and disadvantages of each of 
these architectures is described, and the results are compared with work presented by 
others. Performance tradeoffs and design guidelines for future arrays is also discussed. 
The necessity of cost reduction is a factor that can possibly impact the 
polarization performance of the antenna. This factor is a motivation to study and develop 
calibration techniques that reduce the cross-polarization of electronically steered phased 
arrays. Part of our interest is in the study interleaving sparse arrays [13]; a calibration 
technique that divides a phased array in sub-arrays with orthogonal polarizations in order 
to add the contributions of each sub-array in such a way that any desired polarization can 
be synthesize at the array level[13]. Our contributions to the field are focused on thinning 
calculations, calibration implications and a practical demonstration of this technique. The 
parallel plate feed architecture prototype will be used for the practical demonstration of 
the interleaving sparse array calibration technique. 
This thesis is organized as follows. Chapter 2 discusses the framework in which 
this research is developed, including cost of phased arrays, basic equations used in planar 
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arrays and cross-polarization definitions. Chapter 3 presents the development of a novel 
active antenna element for dual polarized phased arrays. The work done with the series 
fed row-column architecture will be presented in Chapter 4. The development of the 
parallel plate feed architecture will be presented in Chapter 5. Chapter 6 will discuss a 
calibration technique used for cross-polarization cancelation [13], including some new 
derivations, theoretical and practical demonstrations and calibration implications derived 
from experimental part of this work. Finally, chapter 7 will conclude with summary, 
conclusions and proposed future work in the area of low cost electronically steered 
phased arrays. 
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CHAPTER 2 
FUNDAMENTALS 
Electronically Steered Array’s (ESA’s) can vary in shape, size and frequency 
among others. This work focuses on planar ESA’s with rectangular lattices that can be 
subdivided into sub-arrays while maintaining the periodicity of the element placing. 
Frequency allocation for the CASA [14] Engineering Research Center motivates this 
work to be focused in the X-band frequency band (8-12GHz), when considered 
appropriate, discussions on how to scale this work in frequency will be presented.  The 
high cost of development and implementation of current ESA’s is the major motivator of 
this work; as a consequence, our focus is the exploration or architectures with the 
capability of reducing the cost of future generations of phased arrays.  
In this chapter we will discuss the cost of ESA’s, focusing on planar architectures 
with PCB implementation; this will set up the principles that drive the study of the 
architectures presented further on. Also, definitions and equations commonly used in 
phased arrays will be presented as well as definitions of polarization and cross-
polarization. Finally, a small background of sparse arrays will be presented; this will be 
useful for developing the concepts of sparse arrays for polarization control that will 
discussed in chapter 6. 
2.1 Cost of phased arrays 
From a general point of view a phased array is comprised of antenna elements, the 
transmit/receive modules and the networks that combine and distribute the RF signals, 
power and control. The printed circuit board implementation of phased arrays is 
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commonly used due to its simplicity, ease of integration with the rest of the radar or 
communication system and scalability. In a PCB based array, the antenna elements can 
be etched on the PCB or separately on individual modules. The Tx/Rx electronics can be 
either package independently, in the same package with one or multiple antenna elements 
or mounted directly on the PCB board (i.e. Die attach, flip chip, etc). The PCB of a 
phased array has all the power, control and RF signal distribution and is typically a 
multilayer board made of materials with low losses and etched with small tolerances in 
order to meet high frequency requirements.  
TR electronics Patch antennas
Antenna
Package
PCB
(RF, power and 
control)
I/O, control and power
Blind vias
Through via
 
Figure 2.1 PCB phased array architecture with surface mount antenna packages 
with T/R electronics  
 
For purposes of discussing cost, consider the phased array architecture in the PCB 
implementation of Figure 2.1. In this architecture, the transceiver electronics are 
packaged with the antenna elements and mounted on top of the array PCB in a similar 
way to [15]. This architecture is appealing because it allows the testing of each 
transceiver and each active antenna element (including radiation characteristics) before 
assembling the element in the array board. There are mainly three factors that drive the 
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cost of an architecture such as this; the cost of high frequency electronics, the cost of 
packaging including PCB boards and the cost of testing.  
To estimate the cost of electronics, we consider low power arrays operating near 
10 GHz as needed for [14]. A transceiver in a phase array includes blocks such as low 
noise amplifier, power amplifier, phase shifter, control (switching) and more recently 
up/down-converters. Advances in IC integration allow these functions to be integrated 
into one or two IC’s [16][17][18]. In this case, it is not unreasonable to assume that the 
functional blocks described above could be integrated in ~6.5 mm2.  In very large 
quantities (over 106 pieces), using a CMOS process, the semiconductor cost per element 
would be on the order of $0.35/element [19]. Next we assume that one transceiver will be 
packaged with a single antenna element (as in Figure 2.1).  This is reasonable at 
frequencies below 30GHz where the spacing between elements is usually half a 
wavelength for scanning ranges of ±45 degree (λ0/2=1.5cm@10GHz). We estimate that 
the cost of packaging the electronics in the active antenna module would be: package 
$2/cell; test and assembly, $0.35/cell [20]. Then, the cost of each antenna element would 
be around $2.7/cell (Including IC). The active antenna modules are mounted on the array 
board also referred in this thesis as backplane. To estimate the cost of the backplane we 
assume boards made of FR-4 materials, with about 80 vias per cell and no blind vias (See 
Fig 2.1). Even with these caveats, it is very difficult to get some general estimate of cost 
because there are still many variables.  For a three, four and five (metallization) layer 
boards, we estimate $3.4, $4.2 and $5 per cell in large quantities. The major point here is 
not these specific amounts or the particular architecture, since they are just very rough, 
but that the cost of the silicon is under 10% of the backplane cost. (Even if GaAs ICs 
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were used, at a current cost of 2-3 times silicon, there would not be a big change in the 
cost of the overall panel.)  A second major point is that the backplane cost depends 
significantly on the number of layers.  The dominance of the packaging cost has also 
been noted in references [21][22].  
The cost scales from one element to one radar depending on the requirements of 
the system. For the CASA radars [14] a 2° pencil beam requires an aperture of at least 
35λo x 35λo, meaning that ~5,000 elements are needed to fill an aperture of about 1m
2. 
With four panels per radar, each scanning ±45° in azimuth, the total number of elements 
would be close to 20,000. If the cost per cell is $6.1 (three layer backplane plus active 
antenna element) then the RF portion of the phased array radar will have an estimated 
cost of $120,000. We estimate that more than 80% of the cost comes from packaging and 
signal distribution, therefore our interest is in developing architectures that address these 
issues in order to reduce the cost of the phased array system. Cost analysis of similar 
phased arrays [15] shows similar trends pointing out that the cost of packaging and RF 
interconnects is what normally drives the cost of the RF subsystem.  
Here, we present a set of design issues that we use to set the framework for the 
development of low cost phased array architectures, focusing on the RF section of the 
phased array. 
- Transceiver: Since the cost of the electronics is small compared to the cost of the 
array, increasing the complexity of the Tx/Rx electronics can lower the cost of the 
system if this makes it possible to reduce the complexity of the backplane. The two 
architectures that we worked with in this research assume that up/down-converting 
functionality has been added to each module. The advantage of such approach is that 
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it avoids the need of RF distribution network in the backplane. The highest frequency 
signal distributed in the array will be the local oscillator, the LO distribution network 
can be less demanding than the RF distribution network. 
- Active antenna elements: The antenna elements that we are working with are 
microstrip patches etched on packages that also contain the transceiver. Since we 
assumed transceivers with up/down-converting functionality, there are no RF signals 
traveling outside of the package other than radiating from the antenna element; this 
allows relaxing the specifications of the backplane. The package inputs and outputs 
are power, controls, intermediate frequency and local oscillator, while the RF signal 
is obtained by up/down-conversion inside the package. This is attractive for two 
reasons; first, there is a very short path from the radiating element to the RF front end, 
thus reducing losses. Second, such a package also serves the function of interposing 
between the fine tolerances of the IC pads and the coarse tolerances of the large panel 
to which it mounts.  In addition, the antenna package should be designed so that 
automated testing can be used to check the behavior of modules before they are 
attached to the backplane. If a sufficiently general purpose module is developed and 
mass produced, it can be used in a wide variety of arrays having different sizes and 
form factors. In chapter 3 we present the development of an inexpensive antenna 
package that is compatible with surface mount technology for easy attachment to the 
backplane. 
- Backplane material: FR4 is the material used for the majority of rigid printed circuits 
boards today. However, its variable dielectric constant and high loss tangent makes 
FR4 not suitable for high frequency applications. At RF frequencies it is common to 
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use materials like Duroids due to their low losses and accurate dielectric constants. 
Unfortunately, high frequency laminates increase considerably the cost of PCB, not 
only because of the cost of the material, high frequency laminates are more than 5 
times as expensive than FR4; but mostly because of the difficulties implied in 
manufacturing multilayer boards with them [23]. The difficulties range from 
deformation when pressing two layers together to thermal expansion due to heat 
caused during manufacturing. FR4, on the other hand, is easy to machine and does 
not change due to heat caused during drilling, machine, and plating. This facilitates 
alignment and reduces deformation when bonding multiple layers. The two 
architectures studied in this research are implemented on FR4 boards. The difficulties 
with loss and tolerance are overcome by relaxing the requirements in the design of 
local oscillator feeds.  
- Backplane features: The cost of the backplane is also driven by number of layers and 
special features like blind vias or internal cut outs (i.e. Square holes, cavities in the 
PCB, etc). A blind via, as shown in Figure 2.1, is a vertical post that connects two or 
more metallization layers but is not drilled in all the layers of the PCB. A through via 
is a via that is drilled and plated is all the layers of the PCB. Blind vias increase the 
cost of PCB significantly because they require additional drilling, plating and 
alignment steps in the manufacturing of the board. In designs with only through vias, 
such as the ones presented in this research, special care must be taken in signal 
routing such that through vias do not short out or couple to otherwise isolated lines. 
Additionally, reduced number of layers and no internal cut outs were requirements in 
our designs. 
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- Polarization: Dual polarization has proven to be advantageous in the retrieval of 
precipitation estimates [11], therefore having dual polarization capabilities is one of 
the requirements for a phased array for weather applications [14]. In this research we 
studied and developed beam-forming algorithms to compensate for the polarization 
degradation that phase arrays typically exhibit when scanned off broadside. The 
polarization control calibration algorithm presented in Chapter CHAPTER 6 is a 
technique that improves the cross-polarization of an ESA at the array level instead of 
the individual antenna element. This could indirectly lower the cost of packaging if it 
allows lowering the specifications of the antenna elements while achieving the 
required levels of array cross-polarization.  
The main focus of the principles presented above is to reduce the cost of the 
phased array panels from an RF systems perspective. The Laboratory for Millimeter 
Wave Devices and Applications at the University of Massachusetts has taken an active 
part if the development of CMOS technology for phased array applications [9][10]. 
However, developing the low cost electronics for the array is not sufficient if the cost of 
the packaging and signal distribution networks is not lowered as well. Our focus on 
architectures that simplify the complexity of the backplane and the packaging of the 
electronics contributes to the efforts of lowering the cost of the array. The work presented 
here is also tied with efforts by the Reconfigurable Computing Group of the University of 
Massachusetts in the area of digital beam forming systems [24] for electronically steered 
phased array radars.  
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2.2 Planar arrays 
Consider a planar array such as the one shown in Figure 2.2, where radiating 
elements are spaced uniformly in the x and y axes by a distances dx and dy respectively 
 
 
 
 
  
 
Figure 2.2 Planar array geometry 
 
For large arrays, the edge effects can be neglected and the coupling between 
elements can be assumed to be uniform. Under this assumption the far field radiation 
pattern can be approximated as the multiplication of the element pattern with the array 
factor, where the array factor can be written as  
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where Imn is the amplitude of the excitation of the element in the m row and n column, 
φx=kdxsin(θ) cos(ø) +βx , φy = kdysin(θ) sin(ø) +βy and βx, βy are progressive phase shifts 
between the row and columns of the array respectively. To steer the main beam in the 
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Due to the periodicity of the complex exponentials, when the spacing between 
elements is larger than half a wavelength multiple maxima of equal magnitude can be 
formed when scanning the array. The principal maximum is called the main beam or 
major lobe and the remaining ones are called grating lobes. Grating lobes are produced 
by an array antenna when the inter element spacing is large enough to permit in phase 
addition of fields in more than one direction [25]. It is common to make the amplitude of 
the (m,n)th coefficient, proportional to both the row and the column of the array, Imn = 
Im*In where Im and In are the coefficients of the linear distributions in the x and y 
direction. For this case the array factor can be expressed as the multiplication of the linear 
array factors as 
∑ ∑
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The sidelobes of the resulting array factor are higher in the planes intersecting the 
position of the main beam. Sidelobes outside this region are generally lower since they 
are the product of sidelobes of the linear distributions. Amplitude and phase tapering can 
be used in the linear distributions to control the sidelobe level and create nulls to cancel 
interferers. The tradeoff in implementing such tapering is usually a loss in gain compared 
to the uniform case. Minimum perturbation of the phase progression and the amplitude 
coefficients is desired to make the sacrifice in gain as minimum as possible [26].  
2.3 Polarization 
 The instantaneous field of a plane electromagnetic wave traveling in the z 
direction can be written as 
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where Ex0 and Ey0 are the magnitudes of the x and y components respectively. ∆φ= φx - φy 
is the phase difference between the two components. xˆ and yˆ are the unitary vectors in 
the x and y direction respectively. When a wave is emitted by a radar antenna it 
propagates in all available directions, with a specific amplitude and phase in each 
direction.  At far field, the electric field of the wave lies in a plane perpendicular to the 
direction of propagation. In the direction interest, the wave is assumed to be a plane wave 
where z is replaced by the spherical r and x and y are replaced components of θ and ϕ.   
x
y
a
b
ψ°
χ°
Ey0
Ex0z
 
Figure 2.3 Polarization ellipse of a plane wave 
 
Figure 2.3 shows a representation of the total electric field when viewed along its 
direction of propagation (z-direction in the figure). In its most general case the 
representation is an ellipse with a semi major axis a and semi minor axis b. The 
orientation of the ellipse ψ is the angle of the semi-major axis, measured counter-
clockwise from the positive horizontal axis and can take values between 0° and 180°. The 
degree to which the ellipse is oval is described by a shape parameter called eccentricity or 
"ellipticity", defined as χ = arctan(b/a), which can take values between - 45° and +45° 
[27]. The shape of the ellipse is defined by the amplitudes and relative phase of the 
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components of the electric field. Linear polarization is obtained when ∆φ =nπ, with n 
integer or when one of the amplitudes Ex0 or Eyo is equal to 0. Circular polarization is 
obtained when Ex0=Eyo and ∆φ=±(0.5+2n)π,  the sign determines the direction of rotation 
and it can be right hand circular polarization RHCP or left hand circular polarization 
LHCP. 
In general, the cross polarization is defined as the polarization orthogonal to a 
reference polarization. Ludwig [28] showed that for linear polarization, there is more than 
one way to define the reference polarization. Three possible definitions are: 1) in a 
rectangular coordinate system, one unit vector is taken as the direction of the reference 
polarization, and another as the direction of cross polarization; 2) in a spherical 
coordinate system the same thing is done using the unit vectors tangent to a spherical 
surface; and 3) reference and cross polarization are defined to be what one measures 
when antenna patterns are taken in the usual manner. The definition used in most of this 
document is the Ludwig 2), where the co-polarization and cross-polarization patterns of 
an antenna are assumed to have directions that can be expressed in terms of the spherical 
unitary vectors θˆ  and .φˆ   
A figure or merit for dual polarized antennas that takes into account the 
polarization across the entire pattern is the Integrated Cross Polarization  Ratio ICPR [29] 
and is defined as 
∫
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where fcopol and fxpol are the co-polarization and cross-polarization patterns respectively, 
dΩ is the differential area element sin(θ)dθdϕ.  The ICPR figure of merit is preferred by 
the weather radar community [2][11][29][30]. 
Polarimetric radars use antennas designed to transmit and receive waves for 
specific polarization states. Signals with components in two orthogonal polarization 
states are a basis to create any wave with an arbitrary polarization. The most common 
polarization basis are horizontal linear or H, and vertical linear or V. The scattering 
matrix provides the relation between incident and reflected fields in the horizontal and 
vertical basis and is given by  
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The Sij’s are the backscatter coefficients for a field reflected in the ith polarization when 
an incident field in the jth polarization illuminates the target [2]. 
 The application of interest in this thesis is the use of polarimetric radars is in the 
remote sensing of weather.  In this application, the backscatter coefficients are used to  
obtain the horizontal and vertical polarization reflectivity factors 
e
hZ and 
e
vZ , 
respectively, differential reflectivity (Zdr), linear depolarization ratio (LDR), copolarized 
correlation coefficient (ρhv ), and specific differential phase [31]. Note that the coordinate 
system for this convention is at the target. The horizontal axis is normally chosen parallel 
to the ground and the vertical is parallel to gravity. As the size of rain drops increases the 
effect of the gravity combined with the resistance of the air make the shape of the drop 
flattened. Polarimetric measurements seek to accurately describe the flattening 
phenomena and relate it to drop size distribution and water content the atmosphere 
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among others [2][27][29]. The accuracy of such measurement degrades if there is 
discrepancy between the coordinate system at the water drops and the vertical and 
horizontal references for the polarizations of the antenna.  
2.4 Sparse arrays and polarization 
A sparse array is an array with non uniform spacing. Sparse arrays are also called 
thinned arrays since they can be designed by removing elements from a uniform array.  
The locations of the elements in a sparse array can de randomly selected [32] or 
calculated according to a desired lattice [33].  When the aperture size is fixed, sparse 
arrays are used to reduce the number of elements, cost, weight, power consumption, heat 
dissipation and sidelobes [34][35]. The sacrifice with respect to a uniform array of the 
same size is mostly on gain [36]. When the number of elements is fixed, sparse arrays 
offer the advantage of narrower beams by making larger apertures possible. This makes 
them suitable for space exploration and remote sensing.  
Another characteristic of sparse arrays is the capability of fitting different types of 
antennas in a shared aperture. This offers the possibility of multi-frequency and 
multifunction operation [37]. Our interest in sparse arrays was triggered by the possibility 
of dividing the array in two sub arrays with orthogonal polarization.  The idea, based on a 
concept proposed in [13], is to switch a small portion of a phased array, to an orthogonal 
polarization and use that small sub-array to cancel the cross-polarization component of 
the main array. The concept is that the combination of two phased arrays with orthogonal 
linear polarizations would provide array in which the polarization can be controlled by 
controlling the amplitude and phase contributions of each sub array, allowing us to 
synthesize any desired polarization at the array level. The strategy referred as 
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Interleaving Sparse Arrays [13] will be discussed in detail chapter 6. New thinning 
calculations will be introduced, calibration implications will be considered and some 
examples will be presented.  
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CHAPTER 3 
ANTENNA ELEMENTS 
3.1 Introduction 
In general, an active antenna combines a radiator with transceiver electronics in a 
single package. This is attractive since there is a very short path from the radiating 
element to the RF front end, thus reducing losses. In our case, we further assume the 
presence of up/down conversion electronics in the antenna element. Therefore, the only 
high frequency connection to the package is to supply the local oscillator, which is 
usually less critical than an RF connection. This also removes the need of RF signals in 
the backplane of the array. The package also provides a transition between the small 
tolerances of the IC wire bonding pads and the coarse tolerances of the PCB board in 
which the antenna elements are mounted.  
For arrays with hundreds or thousands of elements, it is desirable to design 
packages and measurement procedures that allow each package to be automatically tested 
before being assembled in the array panel. This may lead to a reduction of testing time 
and cost. It may also lead to the development of a general purpose packaged antenna 
element that can be mass produced and used in a variety of arrays having different sizes 
and form factors. 
There are mainly two types of antenna packages studied in this research. The first 
one is a BGA package designed by N. Khandewal and R.W. Jackson [38] that was used 
in a row-column phased array architecture (See Chapter 4.). The second one is a single 
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layer, dual polarized, BGA package1 that was developed during this research and used 
with the parallel plate architecture (See chapter 5). However, note that the choice of the 
type of active antenna element and the parallel plate architecture are two independent 
design considerations. We will further describe the design of the single layer, dual 
polarized, BGA package in this chapter. 
3.2 Design considerations  
Let us first consider the frequency of the antenna and its relation to the size of the 
package, spacing and other parameters. At X-band, the free-space wavelength is about 
3cm. For a wide angle scanning, spacing about λ0/2 would result in a planar architecture 
with elements spaced as close as 15mm. For frequencies below X band, the size of a 
microstrip patch is larger than 10mm (in εr = 2.2 substrate). Note that a higher dielectric 
constant would only reduce the length of the patch by a factor equal to the square root of 
the effective dielectric constant; however, increasing the dielectric constant reduces the 
bandwidth of the microstrip antenna and brings the scan blindness closer to 
broadside[39]. These two constraints limit the size and amount of space available for 
electronics in the active antenna package. As for electronics of the package, we estimate 
that each RF function can take about 1mm2 and a complete RF transceiver would likely 
fit into 6.5mm2 [9][10]. The challenge is in the integration of the transceiver in a square 
package that is about 15mm long and contains a microstrip patch that is 10mm by 10mm. 
                                                 
1 Preliminary work for this concept was done with the aid of Andrew Mandeville (MSEE, 
UMass 2009) 
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With the experience gathered with the package from [38], we learned that if 
electronics were to be put behind the ground plane of a microstrip patch, then a 
multilayer structure would be required in order to house such electronics. This would 
imply cut-outs that would increase the cost of manufacturing such package. The 
alternative we choose is to put the electronics on the same layer as the microstrip patch. 
Since the space is limited on the side of the patch, this mounting would require putting 
the electronics on top of the patch.  
To illustrate the concept of top surface mounting we make use of Figure 3.1. 
Starting from Figure 3.1 (a) where the conventional probe fed patch is excited by a via 
from the bottom of a ground plane. The progression shown in Figure 3.1 (b) shows how 
changing the RF source to the top surface allows to feed the same resonance as in the 
conventional case. Figure 3.1 (c) shows how an up/down-converter can replace the RF 
source and still feed the patch resonance. The local oscillator signal for the mixer is 
provided by a via at the center of the patch, vias on each side of the LO via provide a path 
to ground for the return current. Note that the radiation mode has an electric field null at 
the center of the patch, and therefore is not affected by the LO via. The bumps at the 
bottom represent the solder balls used for surface mount connection to the array PCB. 
 
Figure 3.1 Rationale for top surface mount 
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For the first prototype of the active antenna package, the IF signal is brought to 
the up/down-converter with a microstrip line mounted on top of the patch that is 
connected to a via at the edge of the package that brings the IF signal from the bottom of 
the package as show in Figure 3.2a). The idea of placing an IC on a metal surface that has 
a wildly varying potential is counterintuitive.  However, the IC operates only relative to 
its local ground and does not sense the time varying potential except where signals 
transfer from the IC to traces on the package. The behavior of this antenna package was 
initially studied in [40] as preliminary work the antenna developed here. 
a) b)  
Figure 3.2 a) Illustration of surface mount active patch b) Single polarization 
prototype
2
 
3.3 Dual Polarization Design  
There is an evident advantage of having polarimetric measurements compared to 
single polarization measurements [2], especially in the improvement of estimates of 
precipitation parameters like drop size distribution. For this reason, one of the 
requirements for the next generation of weather radars is dual polarization capability 
                                                 
2 Fabricated and Measured by Andrew Mandeville, M.S.E.E. UMass. 
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[14]. Having this in mind, the next logical step in the design of an antenna element for a 
phased array for weather applications is the dual polarization capability. 
Figure 3.3 shows the concept (developed in this research) for the dual polarization 
version of the single layer BGA package active antenna. In this concept, there is a mixer 
for each polarization. The RF input/output of this mixer is connected the RF excitation 
points for each polarization of the patch antenna at 9 and 12 o’clock. The local oscillator 
maintains the same connection at the center of the patch as in the single polarization 
version. The IF signals arrive from vias at the edges of the package at 3 and 6 o’clock to 
maintain symmetry.  
RF1
RF2
IF1
IF2
LO
 
Figure 3.3 Dual polarization patch concept  
 
The design process was completed with the aid of HFSS from Ansoft. Here we 
present some of the steps necessary to design an antenna package that would meet the 
requirements of cross-polarization and also accommodate the electronics that are used for 
this prototype. The first step, shown in Figure 3.4 a), shows the two microstrip structures 
used for IF located at 3 and 6 o’clock centered with respect to the patch edge. The cross-
polarization of the antenna is not sensitive to changes in placement of electronics on top 
of the patch; however, it is dependent on where the conductors transition off the patch 
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surface. Simulations show that centering the transitions off the patch at the mid point of 
the patch edge improves the cross polarization. Note also that slots or apertures in the 
patch will greatly affect the polarization performance. The location shown in the first step 
represents a conflict for electronics placement, since the IF signals would arrive at the 
center of the patch where the LO connection point is. The LO has to remain in the center 
to avoid the excitation of the antenna with the LO signal. The second step shows a 
displacement of the microstrip lines made to allow the IF signal to arrive where the 
up/down-converters will be located. The third step shown in Figure 3.4c) shows the 
shortening of the microstrip lines to the edge of the patch, this is done to avoid mounting 
the lines made of 5mil Alumina substrate on top the height transition produced by the 
patch thickness. In step 4 the lines were tilted to allow a connection at the edge that 
would help reduce cross polarization while delivering the IF signal to the place where the 
mixers would be located.  
a) b)
c) d)  
Figure 3.4 Design steps of dual polarized antenna package  
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Figure 3.5 Dual polarized BGA package model (side and top view) 
The placement of components and connections are shown in Figure 3.5. On the 
right side we can see a top view representation of the model, note the 2 groups of vias at 
3 and 6 o’clock. The transitions between the strips and these groups of vias are at the 
center of the edge of the patch to minimize cross-polarization. Ideally the 3 vias should 
have a small diameter and be close to the center of the edge of the patch, in practice the 
minimum diameter and minimum separation is limited by the manufacturing process and 
the thickness of the substrate. A common practice is to work with vias with diameters of 
at least one third of the substrate thickness; it is possible to make thinner vias but it might 
imply increasing the cost of manufacturing, which would be outside of the scope of this 
research. This particular model uses 10mil vias in a 20mil substrate.  
The side view representation of the antenna element, shown on the left of Figure 
3.5, shows the terminations at connection points where the solder balls attach the package 
to the backplane. The termination of the LO via does not have an important effect on the 
cross polarization because this connection is at the center of the package where the patch 
field has a null. However, it is important to control the impedance seen at RF frequencies 
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in the connection points for the IF and DC signal. Bypass capacitors at the IF traces are 
one way to terminate the RF frequency in a short to ground. In our case, a total of 6 
capacitors for the 6 vias (3 for each polarization) are needed. Ideally these capacitors 
should be close to the patch in the package, as they would if this antenna was designed 
for a lower frequency. However, at X-band space constraint’s prevented us from placing 
the capacitors on top of the BGA package; instead, they are at the back of the backplane 
near the vias that connect the two sides of the PCB. Simulations show that failing to short 
circuit the impedance at these connections can shift the resonant frequency of the antenna 
up to 1% (S11 in Figure 3.6a)). The broadside pattern cross-polarization at 9.4GHz 
changed from -18dB in the case of a short circuit termination to -30dB in the case of the 
open termination, this is due to a shift in the isolation between the two ports (S21 in 
Figure 3.6b)). This results indicates that better cross-polarization can be obtained by 
terminating this line with an open and compensate the shift in frequency by tuning the 
patch size; however, in practice it is difficult create an open at X-band. At the other end 
of the microstrip lines (the end that connects to the IC), the simulations modeled the wire 
bond in series with a short circuit. In practice the short circuit should be replaced by the 
input impedance of the mixer, in this case that input impedance is an inductor of 
unknown value in series with a pair of diodes connected in anti-parallel arrangement 
(Data Sheet Hittite HMC 521).  
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   a)                                                                         b) 
Figure 3.6 Shift is resonant frequency due to IF line termination a) S-parameters   
b) Broadside cross-polarization 
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Figure 3.7 HFSS model of dual polarized active antenna element 
Above we can see the HFSS model of the antenna element. The single layer 
package is made of Duroid Rogers 5880 (εr=2.2), the dimensions of the substrate are 
15mm x 15mm x 0.508mm. The patch antenna is 11.1mm square. The microstrip lines 
are etched on a 5mm x 1.205mm x 0.125mm piece of Alumina (εr=9.6), the space 
between microstrip lines is 0.125mm [5mil]. The rotation angle of each alumina substrate 
is 15degrees. All vias are 0.254 mm [10mil] in diameter; the spacing (center to center) 
between vias at the edges of the package is 1mm. The wire bond connections were 
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modeled using JEDEC 4 point wirebond components in HFSS. At the bottom of the 
package, the solder ball connections to the backplane were modeled as cylinders (not 
shown in Figure 3.7) with the volume of each cylinder calculated to be equal to the 
volume of a solder ball (The solder balls used are 0.508mm in diameter). To simulate this 
model, periodic boundary conditions were used with a lattice of 17mm in the horizontal 
direction and 24mm in the vertical direction; this is the spacing between elements 
necessary for a large array to scan ±45° and ±15° in the azimuth and elevation planes 
without grating lobes. More details about this model are presented in APPENDIX C  
The first prototype of the active antenna uses commercially available IC’s. These 
ICs were modeled as silicon boxes with approximate metallization on top. The mixers 
used for both polarizations are Hittite’s HMC521. The LO signal is amplified with an 
HMC441 amplifier also from Hittite. This choice of electronics sets the amount of signals 
needed for the microstrip transitions to 5 signals (Image and Quadrature for 2 mixers and 
DC supply for the amplifier). One of the six connections shown in the model is not used 
and is therefore terminated to ground. The bypass capacitors used to terminate the RF in 
the IF traces in the bottom of the PCB board are 1pF (Digikey Part No. 478-3832-1-ND). 
In Figure 3.7 we can see a 100pF (Di Labs D25BH101K5PX) bypass capacitor next to 
the DC supply of the amplifier. The metallization process used in this design is gold, 
which facilitates wired bonding assembly without increasing the cost of the package; 
however, for large volume production there might be need to review this with the 
manufacturer. For future generations of this antenna, the transceiver should be a custom 
design; we expect to fit the electronics necessary for a low power transceiver in an area of 
about 6.5mm2 (See Section 2.1). The limitation for scaling this antenna in frequency lies 
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in the spaced used by such electronics, while designing it for lower frequencies should be 
fairly easy, scaling it up in frequency is more challenging because the size of the patch 
would get closer and closer to the size of the IC’s. 
b)a) c)  
Figure 3.8 Dual polarized active antenna simulation results a)V-port and H-port 
Input reflection coefficient [dB] b) Gain vs E-plane c)  Gain vs H-plane 
 
Simulations of this model show best match at 9.4GHz (See Figure 3.8a) ) and a 
cross-polarization of 18dB at broadside. This model assumes the termination at the solder 
balls is a short circuit to ground. As discussed in Figure 3.5, space constrains prevent us 
from placing the capacitors that short circuits the RF (allowing the IF signals through) on 
top of the backplane. The added electrical length of the connection at the bottom of the 
ground plane can transform the impedance the same way a transmission line would. To 
simulate the worse case effect, where the added electrical length transforms a short to an 
open, we simulated the antenna with an open terminating the IF lines, a shift in resonant 
frequency of up to 1% was seen in the simulations for this case.  
 31 
3.4 Antenna element measurements 
After designing the antenna package, a set of 50 antenna elements was 
manufactured and electronics were assembled to 27 of them. One assembled antenna 
element is shown in Figure 3.9a). A close up of the electronics and wire bond 
connections at the center of the antenna is shown in Figure 3.9b). The connection to the 
PCB board is done with 20mil solder balls attached to the round openings of the solder 
mask in the bottom of the package shown in Figure 3.9c).  
a) b) c)  
Figure 3.9 Assembled Element a)Top view b) Close-up of electronics c) Bottom 
It is of interest to develop methodologies that enable us to diagnose the individual 
active antenna elements before assembling these elements in the array panel. Figure 3.10 
depicts a first test used to determine the minimum functionality of each antenna element. 
In this measurement, the device under test is placed in a fixture with the radiating side 
(top side) facing down, a microstrip patch antenna (With a frequency response centered at 
9.5GHz) placed under the antenna element couples energy to the antenna element at the 
RF frequency. The DUT down-converts the RF signal to an IF frequency and this IF 
signal is measured with a microwave probe at the IF pads in the bottom of the package. 
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We call this a functionality test because its primary purpose is to determine if an 
antenna element is working or not. This test does not measure radiation characteristics 
such as gain, bandwidth or cross-polarization, the main reason for this is that the fixture 
affects the radiation characteristics of the antenna element. In addition, the ~1cm 
separation between the antennas makes this a Near field measurement (2D2/λ where D is 
the largest dimension of the radiator). However, this test is useful to determine the current 
consumption of the device as well as the presence of down-converted signals at the I and 
Q outputs of each polarization of the antenna element. The results of this test are shown 
in Table 3.1. 
RF
DUT
LO 
IF 
DC
LO IF 
DC
RF
a) b)  
Figure 3.10 Antenna element functionality test. a) Concept b) Implementation 
The first thing to notice about these measurement results is that 3 of the 27 
elements that were measured did not work properly (Elements 8, 9 and 23). The ~11% 
yield is not surprising given that the elements were assembled manually. This also does 
not allow us to extrapolate for large quantities where an automated assembly is probably 
best. Second, variations in these measurements show that the measurement procedure 
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needs to be improved. In some of the elements there was up to 7dB in variation between 
the I and Q outputs of the same mixer (Elements 12, 15 and 17). To improve these 
measurements it is recommended that outputs that are not being measured are terminated, 
in the measurements presented here terminating all outputs was not possible due to space 
constrains. In addition, to improve the method used for probing we suggest redesigning 
the solder mask in order to match the probes used for measurement or, alternatively, 
order custom probes that would match the openings of the solder mask. Variation 
between elements is expected due to the manual assembly of the IC’s; however, we also 
note that this measurement was not very repeatable. When measuring the same output of 
the same mixer of the same element in two separate days we noticed variations up to 
6dB, the causes of this variation is mostly due to placing of the DUT and the probes, 
automated placing should help to mitigate these variations. The measurements of the 
radiation patterns that are discussed in chapter 5 with the discussion of the parallel plate 
architecture show that the variations between elements are not as large as the variations 
seen in this functionality test. The variations between elements reached 5dB in the 
radiation patterns while here we can see that the variations between elements reached 
values up to 15dB.  
Note how the fixture where the DUT is placed in Figure 3.10 b) provides housing 
for more than one element; this was done to illustrate how this measurement procedure 
could escalate to an automated one. An automatic measurement would take batches of 
elements and use robotic arms to place the probes on each antenna element and allow for 
a rapid diagnostic. This is practical when measuring a large quantity of elements, such as 
the one needed to populate a 1m2 aperture (>4,000 elements). The advantages of this 
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approach include the impact on the cost and time used to diagnose the elements as well as 
the reduction in human error during measurement. 
Table 3.1 Antenna element functionality test results 
Element DC1 [mA] I1 [dBm] Q1 [dBm] I2 [dBm] Q2 [dBm]
1 91.3 61.5 62.8 59.3 60.7
2 93.1 51.6 52.6 61.5 61
3 90.7 52 53 52 54.5
4 90.5 52.3 53 58 57.9
5 91.5 51.8 53 52.2 55.6
6 91.9 57 54 63.3 63.8
7 92.2 50.3 52 58 56.7
8 91.4 NA NA NA NA
9 90.3 53.2 50.1 NA NA
10 90.5 54.8 51.2 56.8 53.5
11 94 59 60 58.3 61.6
12 91.3 63.3 62 66.3 59.6
13 96.7 56 58 64.6 60.8
14 90.8 56.3 53.5 65.6 66.6
15 91.6 54.1 51.3 51.3 59
16 92 63 61.3 62.6 62.3
17 93 51.3 55.1 66 60.5
18 91.7 54.6 58 59 60
19 92.1 51 52 64.1 60
20 91.2 61.5 60.3 61.3 59.1
21 91.5 60 57 60.1 61.5
22 92.5 63 56.1 53.5 57.2
23 NA NA NA NA NA
24 93 64.8 64.8 56.3 55.2
25 91.5 58 55.5 61 62
26 91.7 53.7 52.3 58.3 54.8
27 92.1 56.5 52 60.3 60  
After the functionality test, the elements were soldered in the parallel plate feed 
array. Measurements of radiation patterns and cross-polarization performance will be 
discussed at the array level in the discussion of the parallel plate feed architecture in 
chapter CHAPTER 5. 
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CHAPTER 4 
ROW COLUMN ARCHITECTURE 
4.1 Overview of architecture  
A row-column phased array is a planar rectangular array in which the phase of the 
(m,n)th element can be obtained as the sum of the phase of the signal feeding the mth row 
with the phase of signal of the nth column [3-6][41]. The two principal characteristics of 
the row-column architecture studied here are the use of up/down-converters at each 
antenna element and the use of series feeds to distribute the signals. Assuming mixers at 
each element removes the need to distribute RF signals in the backplane, only LO and IF 
are distributed. Ideally, there are no phase shifters at the elements of a row-column array. 
In this approach, the phase of a particular row is set by the phase of the LO fed to the row 
and the phase of a particular column is set by the phase of the IF fed to a column. The 
phase of each radiating element is the sum of the phase of the column of the element plus 
the phase of the row of the element. This reduces the number of phase shifters and phase 
commands from M x N to M + N where M and N are the number of rows and columns 
respectively. The use of series feeds to distribute the LO and IF signals, instead of 
corporate feeds, results in fewer layers required for the backplane, and this significantly 
reduces cost. Additionally, feeds for LO and IF signals are usually less demanding than 
RF feeds, this allows relaxing the specifications of the array motherboard. 
Figure 4.1 shows one way to realize this type of array. The proposed architecture 
uses mixers at each antenna element to multiply the signals from the local oscillator (LO) 
and the intermediate frequency IF. The mth row carries the LO signal with a phase βx 
while the nth column carries the IF signal with a phase βy. The mixer multiplies the 
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sinusoidal signals sin(ωLOt+βx) with sin(ωIFt+βy). The resulting term at the RF frequency 
(ωRF = ωLO+ωIF) has a phase that is equal to the sum of the phases of the LO and IF 
signals. 
x
dx
z
y
N
M
ø
r
2
dy
θ
1 2
1
x-
B
ea
m
fo
rm
er
 (L
O
)
y-Beamformer (IF)  
 
Figure 4.1 Series fed row-column planar array geometry 
 
 
For large arrays, the edge effects can be neglected and the coupling between 
elements can be assumed to be uniform. This is because for large array the number of 
elements at the edges is considerably less that the number of elements that have 
neighbors on all sides of each element. Under this assumption the far field radiation 
pattern can be approximated as the multiplication of the element pattern with the array 
factor, where the array factor can be written as 
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where  
Im,In = Amplitude of the (m,n)th element 
φx   =  k dx sin(θ) cos(ø) + βx 
φy   =  k dy sin(θ) sin(ø) + βy. 
(4.2a) 
(4.2b) 
(4.2c) 
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The distances dx and dy correspond to the spacing between rows and columns respectively 
and k=2π/λ0. To steer the main beam in the direction θ = θ0 and ø = ø0 the progressive 
phase shifts between rows (x) and columns (y) must be equal to  
).sin()sin(
)cos()sin(
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φθβ
yy
xx
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kd
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−=
 (4.3) 
The main advantage of the row-column is that only M + N phase shifters are 
needed to steer M times N elements. In addition, the column phase shifters operate at the 
IF frequency, this has the potential of reducing the cost even further since phase shifters 
at higher frequencies are usually more expensive. The major limitation of this 
architecture is that random phase errors at the element level can not be completely 
compensated because a phase correction set at the end of a row (column) affects the 
entire row (column). As a result this limits the sidelobe level that can be achieved.  
The other important characteristic of the proposed architecture is the use of series 
feeds for both LO and IF signals. This reduces number of backplane layers required to 
distribute and combine signals. A common characteristic of series feeds is the small 
bandwidth, but in the LO feed, only a single frequency is transmitted, so the bandwidth is 
not a major issue. If amplitude tapering is desired, only the IF signal can be tapered, not 
the LO. This is because the mixer requires a nominal LO power in order to maintain 
conversion gain. Tapering in the x direction of Figure 4.1 can be accomplished by 
adjusting the coupling to the IF column feed. A fixed taper in the y direction can be 
accomplished by the design of the y (IF) beamformer.  
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4.2 Implementation 
A 4 by 4 element prototype designed and tested to demonstrate the row-column 
architecture is shown in Figure 4.2. It was manufactured in standard printed circuit board 
technology. In this section we will present most of the design considerations taken during 
the design of what is here called the backplane, which is the PCB that distributes the 
necessary signals to the antenna elements of the phased array.  
 
Figure 4.2 Top (Left) and bottom (Right) views of the 4 by 4 prototype of row-
column architecture 
Several things were done to lower the backplane cost.  One was to avoid using 
any blind vias. This results in a board fabrication that can be achieved in a single 
lamination, drilling and plating step. In designs with no blind vias, special care must be 
taken in signal routing such that “thru” vias do not short out or couple to otherwise 
isolated lines. Furthermore, since the only high frequency signal being distributed is the 
LO, some of the more stringent requirements on PCB materials and tolerances can be 
relaxed. Even though only 3 metallization layers are needed for this PCB, a more 
standard 4 layer process was chosen to reduce cost of the prototype. The stack up consists 
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of top and bottom dielectric layers each with a thickness of 14 mil and an intermediate 
layer of 28 mil. The top metal layer has the coplanar LO feed, the two intermediate metal 
layers are ground planes, and the bottom layer has the IF Feed and DC lines. The 
radiating element is a microstrip patch printed on a BGA package designed by N. 
Khandelwal [38]. We replaced the electronics that this package was originally designed 
for with a mixer (Hittite HMC130) and an LO driver amplifier (Hittite HMC441). The 
frequency of operation is 10.1 GHz with a local oscillator of 9.9 GHz and an intermediate 
frequency of 200 MHz. The active antenna BGA modules are soldered on the top panel 
layer. Transformers, termination loads and bypass capacitors were mounted on the 
bottom side of the PCB (Shown in the right of Figure 4.2).  
In order to avoid grating lobes in a scanning range of ±45° in the azimuth 
direction and ±15° in elevation, the distance between elements is set to 17 mm (~0.57λ0) 
in the horizontal (y) direction and 24 mm (~0.8λ0) in the vertical (x) direction. Each 
antenna element is mounted on the radiating side of the backplane occupying 15mm x 
15mm. The remaining space is the space available for the LO feed and the connections to 
the bottom layer of the PCB. The compactness of the series feeds enabled the use of the 
reduced space and therefore contributed to the reduction of number of layers and 
architecture simplification.  
4.2.1 LO Feed 
In the row-column prototype, the local oscillator signal is distributed in rows 
between the antenna elements of the array on the top surface of the backplane board. The 
feed was designed using coplanar transmission lines using basic transmission line theory 
[42]. A basic schematic representation of the feed is shown in Figure 4.3. 
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Figure 4.3 Schematic for a 4 port series feed  
The design of this feed starts from the last port and ends in the matching of the 
input. First, assume that there are no losses and the input power is distributed equally 
among the output ports, so 
.
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 (4.4) 
The two transmission lines and the parallel open stub between ports provide a full 
wavelength rotation (360 degrees on the smith chart) so that  
 1
'
+= ii ZZ  for i=1, 2, 3. (4.5) 
Therefore, at the last junction Z’3 = Z4 = Z0 and the power division of the node is P3 =P3’. 
The input impedance of the node is 
2
|| 0003
Z
ZZZ == . (4.6) 
At the second junction, the output impedances are Z’2=Z0/2 and Z0, so the power division 
is P’2=2P2. The input impedance to the second node is  
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Following this reasoning, we have that at the input node P’1 = 3P1 and the input 
impedance is Z1=Z0/4. To match the input impedance to the source a quarter wavelength 
transformer is used with impedance ZT equal to 
24
00
0
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ZZT == . (4.8) 
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Note that if there were n ports in the feed, the input impedance to the first node 
would be Z0/n. One of the challenges in the design of large series feeds is the matching of 
this low input impedance to the impedance of the source which is typically Z0. For a 
quarter wavelength match, the transformer impedance would be nZZT /0= . In printed 
circuit technology very low or very high impedance lines are not typically practical due 
to the very wide or very thin traces needed to implement them, so it is possible that a two 
stage matching network or a parallel stub match would be preferable in some cases.  
The 4 port series feed was designed using coplanar waveguide transmission lines 
as shown in Figure 4.4. The substrate used was FR4 with a permittivity of approximately 
4.2 and thickness of 14 mil. The center operating frequency is 9.9GHz and the distance 
between ports is about 17mm. With these specifications the transmission lines between 
ports provide the half wavelength necessary to ensure equation (4.4); therefore no parallel 
stubs were needed to adjust the phase between ports. The input match was designed as a 
two stage quarter wavelength transformer to avoid a single transformer with excessively 
large trace width.  
17mm2mm 0.5mm
λe/4 λe/4 λe λe λe
 
Figure 4.4 Local oscillator series feed 
The coplanar series feed was designed and simulated using Sonnet [43]. The 50Ω 
ports at the output of the feed represent the input impedance of the LO port of the active 
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antenna element. Simulation results for the amplitude and phase of the transmission 
coefficients are shown in Figure 4.5. 
 
  a)            b) 
Figure 4.5 LO Feed transmission coefficient a) Amplitude b) Phase 
In the row-column beam steerer, the LO phase distribution along a row is not 
critical so long as the phase progression along a row is matched by the phase progression 
along all other rows.  When this match is present, phase shifters in the IF beamformer can 
be adjusted to form a beam.  This feed, however, was designed to have the same phase 
shift from input to all elements at the LO frequency (around 9.9GHz) so that the 
broadside array pattern could be measured without the need of a beamformer system. A 
uniform amplitude distribution was designed in order to obtain the same conversion gain 
in all the mixers of the same row, the maximum simulated amplitude difference at the LO 
frequency is about 1.1 dB. If each element includes an LO amplifier-limiter, there is less 
necessity for LO amplitude uniformity. The measured amplitude difference on a spare 
board was 2dB (The actual prototype the feed is connected to the antenna elements and 
the transmission coefficient can not be measured). The measured phase crossing shifted 
2% (10.1GHz); this is expected due to the loose tolerances of dielectric constant of FR4.  
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As mentioned before, the phase progression of one row is not critical as long as is 
matched to the one of the next row. To determine the effect of the material on the 
matching of two rows, four feeds were manufactured using FR4. The four 8 port feeds 
are shown in Figure 4.6. Note that for this design parallel stubs were needed to provide 
the full wavelength phase shift between ports.  Comparison of the measurements of these 
feeds showed variations in phase up to 6 degrees between the input-output transmission 
coefficients of different feeds.  
 
Figure 4.6 Multiple series feeds for 8 element rows 
One thing to note though, is that the larger the feed the narrower the bandwidth. A 
high bandwidth is not a needed because the signal being distributed by the feed is a local 
oscillator and not an RF signal. However, a narrow bandwidth will make the feed more 
sensitive to variations in dielectric constant. To illustrate the sensitivity, Figure 4.7 shows 
the phase variation as a function of dielectric constant variation for different line lengths 
normalized to wavelength. Note how a 1% variation in dielectric constant can result in a 
40 degree phase shift difference in a line that is 25 wavelengths long. If this variation 
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occurs homogeneously, then the effect can be compensated by the phase shifting in the 
IF. If it occurs unevenly (i.e. due to a temperature gradient across the board) then the IF 
phase shifting can not correct for these variations. 
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Figure 4.7 Phase variation vs. dielectric variation for various line lengths 
4.2.2 IF Feed 
Each IF feed for each column of the array can be considered a transmission line 
periodically loaded by the mixers at each element (see Figure 4.8 ). This transmission line 
works both as power combiner (receive) and divider (transmit). In this prototype, the 
amplitude of the division/combining of the IF feed is equal among elements of the 
column, for larger arrays it might be desirable to have amplitude tapering in order to 
improve the sidelobe level. For the current prototype a microstrip line in the bottom layer 
of the PCB was used. Surface mount transformers (Minicircuits TCM8-1) with an 
impedance ratio of 8:1 were used to adjust the mixer loading. The light loading improves 
the element to element isolation. A matched termination is placed at one end of the 
transmission line with the IF port placed at the other end. This arrangement provides a 
broad band linear phase response, thanks to the light coupling to the microstrip line. The 
tradeoff comes from losing about 3 dB of the IF power on the termination load and about 
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2.2 dB more in the transformer/mixer transition due to mismatch. So instead of the ideal -
6dB transmission coefficient of a 1 by 4 power divider, this feed has about -11.2dB with 
a variation between elements of ±0.5dB at 200MHz (See Figure 4.9). If this feed were to 
be scaled to a larger array, a longer version of this line should include means of varying 
the coupling to compensate for distant elements experiencing more attenuation from 
element to port. 
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Figure 4.8 Signal distribution for the intermediate frequency signal 
 
 
Figure 4.9 IF Feed transmission coefficients 
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4.3 Measurements of row-column prototype 
Measurements made to the prototype shown in Figure 4.2 were done in receiving 
mode in an anechoic chamber. First, the normalized amplitude and relative phase of each 
one of the 16 elements was measured using the set up described in Figure 4.10. This is 
done by illuminating the array with the RF signal from the broadside direction, exciting 
only the LO of the mth row and measuring the received IF signal of the nth column to 
obtain the amplitude and phase of the (m,n)th element. After subtracting the average 
phase difference between rows and columns, all amplitudes and phases were substituted 
into equation (4.1) to produce the Calculated array factor.  
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Figure 4.10 Measurement set up for one element of the array 
Second, the Measured radiation pattern of the array was obtained by using a 
power divider (Merrimac PDM-41M-6G) to excite the LO of all rows and a power 
combiner (Minicircuits ADP-2-1W) to measure the total IF signal received as shown in 
Figure 4.11. The array is then rotated to measure the power of the received signal as a 
function of θ and ø. Both Calculated and Measured patterns are compared with an ideal 
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array factor of the same dimensions in the E-plane (ø = 90) and H-plane (ø = 0) in Figure 
4.12 and Figure 4.13 respectively. Steered patterns were not measured for lack of a beam-
former system.  
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Figure 4.11 Measurement set up to obtain the array pattern 
 
Figure 4.12 Row column architecture calculated, measured and uniform normalized 
radiation patterns (E-plane) 
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Figure 4.13 Row column architecture calculated, measured and uniform normalized 
radiation patterns (H-plane) 
As expected, the phase and amplitude errors caused by variations in the mixer, the 
amplifier, manufacturing process and assembly reduce the sidelobe level that can be 
achieved; however, good agreement between calculated and measured patterns was 
obtained. Due to the nature of the row-column beam steering, the low cost phased array 
proposed is useful for applications where sidelobe requirements are modest.  
The row-column proved to be effective at reducing cost, number of components 
and simplifying the complexity of a planar phased array. However, there are some 
characteristics of this architecture that might represent a challenge when scaling the 
architecture to a full size array. One of them is the reliability of the array, more 
specifically the fact that when using series feeds, if one element of the array fails, then 
the entire row and/or column can be affected by this failure. Another characteristic of the 
row-column architecture is the reduced capability to steer nulls and maxima 
independently when compared to an architecture with a phase shifter at each element. 
Creating nulls in desired directions is possible in the row-column, as long as the nulls can 
be created with the phase beam-former that feeds the rows or the columns of the array. 
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However, the amount of cancelation is limited due to the amount of phase correction that 
can be done in the row-column architecture during calibration.  
The phase correction at this particular frequency (X-band) is one of the main 
challenges for the row-column architecture. At lower frequencies, the wavelength is large 
with respect of surface mount components and traces of the backplane; as a consequence, 
small phase errors are expected due to variations in manufacturing and assembly. At 
higher frequencies (>30GHz) the wavelength is too small for a PCB implementation; in 
such case the row-column architecture would take place at the IC level, an example of 
this type of implementation can be found in [41]. To estimate the impact of phase errors 
consider that the free space wavelength at 10GHz is ~30mm; in a substrate with a 
permittivity of 4.2 (typical FR4) the wavelength is about 15mm. Following this logic, a 
1mm error in a trace/pad/connection can shift a signal about 24 degrees (360°/15mm). 
Typical manufacturing tolerances for PCB boards are between 3 and 10 mils (0.76mm to 
0.25mm). Other sources of phase errors are lengths of wire-bonds, variations in package 
dimensions, component placement and process variations. Depending on the specifics of 
the array, the average phase error at each element can easily be in the tens of degrees. In a 
phase shifter per element approach, these errors are usually removed through calibration. 
In the row-column architecture only the average errors can be removed. This may 
encourage further research to determine the impact of the phase error residues on 
parameters such as side-lobe level, beam-width, gain and so on.  
 50 
CHAPTER 5 
PARALLEL PLATE FEED ARCHITECTURE 
5.1 Overview of architecture 
The proposed architecture is based on a simplified scheme for signal distribution 
that can be fabricated using few layers and no blind vias. Again we assume that there is 
an up/down-converter at each antenna element, so LO, power, control and IF, but not RF, 
signals need to be distributed in the backplane. In this architecture, the LO signal is 
radiated between the top and second metallization layers, making this a parallel plate 
feed.  A third layer is used for IF, control, and power connections.  This shows that as 
little as 3 metal layers in the backplane are sufficient. The LO and IF mix at the up/down 
converter of each antenna element, the antenna elements are mounted on the top 
(radiating) side of the backplane.  
The requirements of the local oscillator distribution for such an architecture are 
not very demanding. If a phase shifter controls the IF signal that is fed to each element, it 
can be used to reset whatever LO phase is fed to an element. As a consequence, there is 
no need for the LO feed network to present a specific LO phase at each element. All that 
is necessary is that the relative phase between elements remains constant.  If, in addition, 
each element includes an amplitude limiting LO amplifier, there is no need for a feed 
network to control very precisely the distributed LO power. All that would be needed is a 
synchronization signal with phase reference information that allows all elements of the 
array to up-down convert coherently.  
To explain the concept of the parallel plate feed, let us start by describing the 
excitation of the LO signal in the parallel plate feed. Figure 5.1a) illustrates how an LO 
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source connected to a via creates a current that launches the wave that propagates 
between two ground planes. For close separation between ground planes and large 
distances from the excitation, the Z oriented electric field of such wave can be expressed 
using analytical expressions in terms of cylindrical harmonics of the first TM mode [44]. 
Figure 5.1b and Figure 5.1c illustrate the connection between the source and the 
excitation via as well as the connections to the vias that carry the return current in the 
case of 2 dielectric layers. Note that in Figure 5.1c the vias only connect the bottom and 
middle layers, the vias are extended to the top to avoid the use of blind vias which would 
increase the cost of the board. 
LO 
LO wave LO wave
LO 
LO wave LO wave
LO 
LO wave LO wave
a)
b)
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Figure 5.1 LO excitation in parallel plate feed a)Two layer board b)Three layers 
with blind vias c) Three layers, no blind vias  
The wave propagates in the radial direction away from the source. At each 
antenna element a via picks up the LO signal to feed it to the up/down converter. The 
pick-up concept is shown in Figure 5.2. Note that the pick-up via has also been extended 
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to avoid use of blind vias at pick-up points. In the figure, Z0 represents the impedance at 
the LO port of the antenna element.    
LO wave
LO pickup 
Z0
No current  
Figure 5.2 Via pick up of the LO signal in the parallel plate waveguide  
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Control
a) b)
Ground vias
 
Figure 5.3 IF/DC/Control conduit a)Side view b) Top view 
A bundle of vias such as the one shown in Figure 5.3 is used to connect the IF, 
DC and control signals that go from top to bottom of the backplane. The surrounding vias 
connect the top and middle ground planes; closely spaced, they act as a wall that provides 
isolation from the LO signal.  
LO 
Active Antenna Active AntennaLO Launch LO pickup
IF/power/Control
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IF/power/Control 
Interconnect
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Figure 5.4 Parallel plate feed architecture concept  
Figure 5.4 illustrates the parallel plate feed architecture. The backplane consists of 
3 metallization layers. The top and middle layers are almost completely metalized, 
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forming the parallel plate structure. The LO wave is launched by a via at the center of the 
array. At each element, one or two vias are used to pick up the LO signal and feed it to 
the driver amplifier of the antenna element. The bottom layer is used for control, power 
and IF connections. 
The main reasons for investigating this architecture are the simplicity of the 
structure and a more robust response to element failure. Since only three layers are used 
with no blind vias, the cost of the backplane will be minimized. In addition, the parallel 
plate feed should exhibit a robust behavior with respect to faults thanks to the low 
coupling between the LO signal and each of the elements of the array. When low 
coupling is used, a failure in one element of the array does not catastrophically affect the 
transmission to the rest of the elements. To the best of our knowledge, this type of signal 
distribution in a PCB board has not been attempted before.  
One of the main challenges in the design of this feed is the presence of the via 
bundles in the parallel plate structure. The bundles are obstructions that scatter the 
parallel plate wave and increase the variation in received power at each element – 
possibly even causing nulls. Two bundles (one for each polarization) are required for the 
active antenna elements used in this design. 
5.2 Design of parallel plate feed 
The goal of the design was to create an 8 by 8 feed structure, with an amplitude 
variation of 20dB or less between outputs of the feed. The 20dB of variation will become 
the specification for the input dynamic range of the amplifier/limiter that recovers the LO 
signal for the up/down converters at the antenna elements. While such amplifier has yet 
to be designed, the currently commercially available electronics used in the antenna 
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elements that are going to be used in the prototype array allow for a variation of about 
6dB. The goal becomes to demonstrate an 8 by 8 LO feed with as small a variation as 
possible, but at least less than 20dB .  In the prototype, the central 4 by 4 portion of such 
feed will be populated with the antenna elements discussed in chapter 3. The variation 
within the central 4 by 4 portion should be <6dB in order for these to work properly. To 
achieve this goal it is necessary to eliminate the nulls created by the obstructions of the 
parallel plate layer. The low cost requirement encourages the use of FR4; however, due to 
the loose dielectric constant specification of the FR4, variations in frequency are 
expected. Such variations can shift nulls to the frequency of operation, rendering one or 
multiple elements not functional. As a consequence, instead of designing for a single 
frequency, the LO feed is designed for a bandwidth of 500MHz around 9.5GHz (5%). As 
mentioned previously, a particular phase is not a requirement of this feed as long as the 
phase difference between elements remains constant. 
The design process was carried out mostly using HFSS simulations. First, we 
describe three simulation techniques than enabled simplifying the design procedure and 
reducing the simulation times considerably. The first technique is the simplified modeling 
used for the bundles of vias as shown in Figure 5.5. 
 b)a)  
Figure 5.5 Bundle of vias a) Detailed modeling b)Simplified model  
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At X-band, the ~1mm separation between the surrounding vias of the bundle is 
small compared to the wavelength; therefore, the group of vias behaves like a conducting 
wall. This allows us to model the bundles as solid pieces of metal as shown in Figure 
5.5b). The simplification allows for a considerable reduction in simulation time and use 
of memory. Comparison between simplified and detailed modeling of different feeds 
showed no significant difference in transmission between the central feed and an element.  
Another technique used to reduce simulation time is to separate the bottom and 
top layers into two separate models as shown in Figure 5.6. The electromagnetic 
simulation of both structures would produce the S parameters that would be combined to 
obtain the S parameters of the entire feed. The model for the bottom layer is just used for 
input match while the model for the top layer is the parallel plate feed which will give the 
transmission coefficients for all the element of the array.  
a) b)
Port 
Port 
 
Figure 5.6 Separation of model into top and bottom layers a) complete model 
representation b) top and bottom layers in separate models  
The third technique used to simplify the modeling of the parallel plate feed is the 
use of symmetry planes. Consider just the parallel plate layer of a 4 by 4 feed as shown in 
Figure 5.7a). Everything in this layer has been designed completely symmetric with 
respect to the feed point. The first advantage of this approach is that the behavior of pick-
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up points that are symmetrical is identical, reducing the amount of parameters to analyze.  
Second and most importantly, since the response is identical, we only need to analyze one 
quadrant of the feed to obtain the response of all elements. This is done by replacing the 
symmetry planes by perfect magnetic conductors, and simulating just the quadrant as 
shown in Figure 5.7b).  
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Figure 5.7 a) 4 by 4 parallel plate layer b) Equivalent model with Perfect Magnetic 
Conductors  
Now, to start the design of the 8 by 8 feed, consider the power variations expected 
in this structure. Power differences between elements occur due to reflections off the via 
bundles, reflections off the outer boundary, material loss and the natural radial decay 
(≅1/ρ in power) of a cylindrical wave radiated from the launch. To estimate the losses 
due to radial decay and material losses, consider the expressions from Harrington [45] for 
the electric and magnetic fields of a cylindrical wave produced by an infinitely long 
filament of constant a-c current along the Z axis as  
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where, η is the impedance of the medium, I is the current, ρ is the distance from the 
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where Im{k} is the imaginary part of k. The power density can be obtained by dividing 
by the circumference of the cylinder which yields to 
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where all the constants have been grouped in the constant A. Now we can express the 
ratio between the power density at two distances ρ1 and ρ2 from the source as 
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The first term in the right of equation (5.5) corresponds to the dielectric losses while the 
second term is the due only to the radial decay of the wave. 
ρ0
7ρ0
dx /2
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dx
dy dy
dx
dx
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Figure 5.8 One quadrant of an 8 by 8 feed 
Consider the quadrant of the 8 by 8 feed shown Figure 5.8. In this feed, the 
distance from the excitation to the nearest element (Element number 17) is ρ0 and the 
distance to the farthest element (Element number 2) is 7ρ0. Note that ρ0 is a function of 
the vertical (dx=17mm) and horizontal (dy=24mm) spacing of the elements of the array. 
Using equation (5.5) we estimate that a radial wave launched in an FR4 medium with no 
obstacles and no reflections would experience 8.5dB of radial decay and 3dB of material 
loss between the nearest and the farthest elements of an array of this size. Therefore, we 
can expect the power density difference between the nearest and farthest element to be at 
least 11.5dB. 
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One way to compensate for the power difference between near and far elements is 
shown in Figure 5.9. In this pick-up mechanism, a gap coupled line has been added 
between the LO pick up via and the point where the LO signal is delivered to the antenna 
element. The gap size and gap length is designed to extract a small fraction (big gap) of 
wave power for elements near the central LO feed, while those located near the outer 
panel edge extract as much power as possible (no gap). This reduces the power difference 
between different pick up points of the array. The structure was picked because is 
compact enough to fit in the required space between the parallel plate feed layer and the 
antenna element. It should be noted that the gap coupled feed line also scatters the 
parallel plate wave.  
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Figure 5.9 Pick up with 1 via and coupling gap 
 
After including these gap structures, the 8 by 8 feed was simulated using Ansoft 
HFSS. The convention used for the S parameter of the structure is the one shown in 
Figure 5.8 where the input is port number 1 and the outputs at the antenna elements are 
ports 2 to 17. With 2 being the farthest and 17 being the closest to the excitation. The 16 
parameters Sn,1 with n=2,3,..,17 are the transmission parameters from input to each 
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antenna element. The physical properties of the feed are summarized in Table 5.1 and the 
simulation results are shown in Figure 5.10.  
Table 5.1 Feed parameters 
Material FR4
Permitivity (εr ) 4.2
Tan(δ) 0.022
Thickness (each layer) 0.812mm [32mil]
PCB Dimensions 156mm x 212mm x 1.58mm
Horizontal spacing (dy) 17mm
Vertical spacing (dx) 24mm
Metallization 0.5oz cu [17µm]  
 
[dB]
 
Figure 5.10 Transmission parameters, 8 by 8 feed with 1 via at each pick up point 
The two most important features that we are looking for in the figure above are 
the difference between maximum and minimum transmission coefficient in a 500 MHz 
frequency band centered at 9.5GHz (LO frequency). In this case, the maximum 
difference is 33dB at 9.43GHz. The dips are caused by reflections from the boundaries 
and standing waves. This difference does not meet the specification of 20 dB previously 
mentioned. Not meeting the specifications led us to redesign the pick-up mechanism of 
Figure 5.9. The improved version, shown in Figure 5.11, uses two vias, separated by 
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approximately λeff/4, instead of one. The purpose of the two vias, is to reduce the fading 
that results from standing waves caused by the obstructions. Eliminating these nulls 
reduces the difference between maximum and minimum transmission coefficients to 
values below 25dB in the 500MHz bandwidth of interest. 
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Figure 5.11 Pick up with 2 vias and coupling gaps 
 
An additional method of adjusting the pick-up power is changing the pick-up 
orientation depending of the element position within the array. Elements near the source 
have the pick-up vias oriented away from the source, while elements located farther from 
the source have the mechanism oriented towards the source as shown in the model shown 
in Figure 5.12. Note that elements 2, 5, 8 and 15 of this model have their two pick up vias 
in a diagonal arrangement. This arrangement is done with the only purpose of fitting the 
landing pattern of surface mount SMA connectors used as test points. Simulations results 
for this feed are shown in Figure 5.13. Detailed layout and dimensions of this feed can be 
found in APPENDIX B 
The improvement shown in the feed with two vias at each antenna element 
compared to the feed with one via confirmed the effectiveness of the new pick-up 
mechanism in the reduction of nulls. The maximum thickness in the 500MHz band is 
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21dB at the lower end of the band (9.25GHz); the improvement with respect to the feed 
with one via was a reduction of 12dB in the thickness of the band. This improvement is 
due to both the new pick-up mechanism as well as the change of orientation. 
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Figure 5.12 One quadrant of an 8 by 8 feed with 2 pick up vias at each element and 
LO excitation point in the lower left corner 
 
[dB]
 
Figure 5.13 Transmission parameters, 8 by 8 feed with 2 vias at each pick up point 
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5.2.1 LO feed efficiency and losses 
The efficiency of a power divider, defined as the power delivered to the outputs of 
the feed (When all of them are terminated in Z0) divided by input power when the input is 
properly matched, can be expressed as a function of the S parameters of the power 
divider as 
∑
=
=Ε
N
n
nS
1
2
1, , (5.6) 
 
where port 1 is the input port and ports 2 to N are the outputs. E takes values from 0 and 
1 (E=1 is a lossless network).  
The simulated efficiency of the parallel plate feed of Figure 5.12 is about 20% at 
9.5GHz; about 80% of the power is lost in material losses and radiation from the edges. 
To characterize both types of losses, the feed was simulated multiple times with different 
boundary conditions as well and different dielectric losses. Figure 5.14 shows the 
efficiency for 6 variations, from a PEC boundary condition with no losses (red), to the 
case of free-space boundary condition with FR4 losses (pink). The case with PEC 
boundary condition and FR losses (blue) shows efficiency close to the original model 
(pink); indicating that the power radiated from the edges is low. The two cases with no 
losses and free-space impedance boundary condition (cyan) as well as free-space 
impedance divided by square root of the dielectric constant (377√εr) boundary condition 
(green) show higher efficiency with some noticeable frequency dependence. Cases with 
PEC boundary condition and no losses (red) or low losses (yewlow) has good efficiency, 
even though they had some convergence problems. We estimate that in the original 
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model (pink) around 60% of the incident power is lost in the material and the remaining 
20% is radiated from the edges. 
 
Figure 5.14 Efficiency cases 
PEC boundary condition, 
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Figure 5.15 Transmission parameters, 8 by 8 feed with 2 vias at each pick up point. 
Different cases of boundary conditions and dielectric losses 
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The figure above shows the simulated transmission coefficients for the previously 
mentioned 6 variations. As expected, the cases with PEC boundary conditions (blue, red 
and yellow) show to a strong frequency dependence and multiple nulls which indicates 
that reflections off the nearby wall are generating interference. The case with no 
dielectric losses and free-space impedance boundary condition (cyan) seems to have the 
best transmission and smaller gap between maximum and minimum; however is shows a 
slight frequency dependence (besides, no losses is not a practical case). The FR-4 
material loss of the original case (pink) damps standing waves and helps to eliminate 
resonances that could disrupt the frequency response. It also cuts down on the power that 
could be radiated from the edges of the substrate and interfere with nearby elements. 
Note that since the power launched can be relatively low (each element’s LO generates 
the needed power for each mixer), the low efficiency of the LO feed causes little 
degradation in system efficiency.  
5.2.2 Robustness of the parallel plate feed 
As mentioned earlier, one of the main reasons to investigate the parallel plate feed 
is its robust behavior with respect to faults. To study the robustness of this feed, consider 
the relation between the input voltage at port 1 and the output voltage at any given port n 
when all the ports of the feed are terminated. In terms of the S-parameters this relation is 
1
1
n
n S
V
V
=+
−
. (5.7) 
Where Vi
- and Vi
+ are the output and input voltages at any port i.  
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Now consider a failure that causes a short circuit or an open circuit at an output 
port m. In this case the relation between the input voltage at port 1 and the output voltage 
at port n can be expressed as 
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The second term of (5.8) is caused by the short or open circuit at port m. Note that 
if Smm is close to a short or an open circuit, then terminating such port in a short or an 
open circuit respectively will make the denominator of the perturbation term close to 0 
and the perturbation term can be potentially large. However, note also that if low 
coupling is used, then Snm should be small. To quantify these effects, Figure 5.16 shows a 
plot of equation (5.8) when the output port is port 12 (See Figure 5.8 for port location and 
numbering) and the short or open circuit is located at one of the other outputs of the 
power divider. Note that the output voltage at port 12 is affected the most when port 9 is 
in open circuit. More importantly, note that changes in other ports affect relatively little 
the behavior of the output voltage at port 12.  
 
 
 
 
 
 
Figure 5.16 Change in output voltage of port 12 of the parallel plate feed due to a 
short or an open at any other port of the feed  
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Similar effects were seen when the plot was repeated with other output ports. In 
all cases, the output voltage of a port was sensitive to none or one termination of another 
port. Also, the output voltages of all ports were checked for the case where port 9 is an 
open circuit. Port 12 turned out to be the most sensitive to this effect.  
This shows that the failure (open or short circuit) at one output port of the parallel 
plate feed has little effect in the signal delivered to the majority of the rest of the elements 
of the feed. This is an improvement over the series feeds used in the row-column 
architecture where the failure of one element could affect the behavior of the entire row 
and/or column of the element.  
5.3 Measurements results and comparison with simulation 
Two boards were assembled for the measurements and concept demonstration of 
the parallel plate architecture. In the first board, shown in Figure 5.17a), the center 4 by 4 
portion of the array was populated with the antenna elements described in chapter 3. This 
arrangement is used to measure the radiation patterns of the 4 by 4 array. Additionally, 
four test points were soldered outside of the 4 by 4 center to validate transmission of the 
LO signal in the 8 by 8 array; the rest of the outputs were terminated with 50Ω chip 
resistors. The second board, shown in Figure 5.17b), was assembled with SMA 
connectors instead of antenna elements. The purpose of this is to measure the 
transmission coefficients of the LO signal to the center 4 by 4 portion of the array and 
estimate the LO power that fed the down-converter of the antenna elements of the array 
of the first board. This second board has test points in the same locations as the first one, 
this test points are used to compare transmission between the two boards. The remaining 
outputs of this board are also terminated with 50Ω chip resistors.  
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Figure 5.17 Parallel plate feed architecture prototype a) Top view of the array with 
active antennas b) Top view of a test board with SMA connectors at test points  
 
On the back of both boards the LO excitation is connected via a surface mount 
SMA connector as shown in Figure 5.19. The first board, populated with antenna 
elements, also has IF connectors and chip capacitors soldered on the back (See Figure 
5.18). These connectors are used to extract the IF signals that would eventually be sent to 
a digital beam-former; for now they are used to measure directly the pattern of each one 
of the antenna elements of the array. Four capacitors (1pF each) at each element are used 
to filter high frequency signals from the image and quadrature signals of both 
polarizations. An additional capacitor is used to bypass the amplifier DC supply.  
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Figure 5.18 Antenna element in parallel plate feed architecture array a) Schematic 
b) Photograph of the back of the board for one element of the array  
 
Figure 5.19 Back of board with SMA connector for LO excitation (IF connectors not 
soldered in this prototype) 
5.3.1 S parameters  
The comparison between measured and simulated transmission coefficients of the 
parallel plate feed is shown in Figure 5.20. Good agreement between simulations (blue) 
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and measurements made to the test board (red) of Figure 5.17b) was achieved. However, 
the agreement was not as good with measurements made in the four test points on the 
prototype array (green) of Figure 5.17a). There are two possible causes for such 
disagreement. The first is that each board comes from a different batch from the 
manufacturing plant, and as a result the dielectric or drilling tools in the two boards may 
be different. The second possible cause is that the array was put in an oven at 
temperatures around 220°C for about 10 minutes in order to reflow the solder for the 
surface mount antennas (the SMA connectors can be soldered using a heat gun). This 
additional stress that the board with antenna elements went through may have changed 
the characteristics of the FR4.  
Simulation
Test board
Array board
 
Figure 5.20 Comparison transmission coefficients of individual elements 
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We further point out that the measured transmission coefficients to elements that 
are symmetrical with respect to the center are in good agreement with each other, as 
shown in the figures for S12,1, S13,1, S16,1, S17,1 and S5,1. This validates our approach of 
symmetrical design and use of perfect magnetic conductor boundary conditions in the 
simulation of the parallel plate feed. 
Figure 5.21 compares the measured and simulated reflection from the central LO 
feed point. We noticed again relatively good agreement with the connectorized test board 
of Figure 5.17b) (red) while the input reflection coefficient of the board with antenna 
elements of Figure 5.17a) (green) is particularly bad. We stress that we assume this 
difference to be due to manufacturing or assembly because the design did not change 
from one board to the other. The mismatch at the input of the board with the elements has 
a negative impact on the amount of LO power delivered to the antenna elements.  
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Figure 5.21 Input reflection coefficient 
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5.3.2 Radiation patterns for prototype array  
Measurement of the radiation patterns of the parallel plate architecture prototype 
array of Figure 5.17a) were done in the anechoic chamber of the Antenna Laboratory at 
the University of Massachusetts at Amherst. Figure 5.22 shows photographs of the array 
mounted in the chamber for measurement. 
Open Ended 
Waveguide
 
Figure 5.22 Parallel plate prototype in anechoic chamber for radiation pattern 
measurements 
Having access to the down converted signal from each one of the antenna 
elements allowed us to measure the magnitude and phase of the field patterns of both 
polarization of all the elements separately. Array radiation patterns are calculated by 
using linear combinations of the individual element patterns in Matlab. To measure each 
pattern, the set up of Figure 5.23 was used. In this configuration, the LO signal is split in 
order to feed both the array as well as an external IQ modulator (Marki Microwave Part 
No. IQ0714LXP). To feed the LO signal to the array an X band amplifier is used 
(Amplica Part No XM363401) in order to obtain the necessary power level at the input of 
the array (about 20dBm). The array is radiated with the RF signal from an open ended 
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waveguide. Power levels up to 10dBm are received at each antenna element (Less when 
scanned and when measuring cross-polarization component). The down-converted image 
and quadrature signals from each antenna element are fed to the external IQ modulator. 
The mixer up-coverts the signal back to RF, this signal is amplified again with another X 
band amplifier (Amplica Part No XM363401) sent to the network analyzer; allowing the 
measurement of amplitude and phase of the received signal as a function of the incidence 
angle θ. 
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Figure 5.23 Measurement set up for parallel plate element pattern measurement  
With the set up used, the power incident on the LO input of the array can be 
increased up to 25dBm. With the simulated transmission coefficients this would provide 
LO powers to the 4 by4 antenna elements of the center between -1 and 5dBm. After 
passing through the driver amplifier of each element (Hittite HMC441), the power to 
drive each mixer would be from 10 to 15dBm, which is the within the nominal values for 
down-conversion of the mixers (Hittite HMC521). Unfortunately, due to the feed point 
miss-match and manufacturing errors (see previous section), we estimate that the LO 
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power that reached the elements was about 5 to 10dB less than what it was supposed to 
be. As a consequence, the down converters of the center of the array worked closer to the 
nominal region, while the ones at the corners were down-converting but with 
significantly less gain. The patterns discussed in this section were measured using an RF 
frequency of 9.4GHz and a LO frequency of 9.3GHz (IF100MHz). The numbers used to 
refer to the elements of the array are the ones shown in Figure 5.24; this enumeration is 
used to maintain consistency with the enumeration used in the feed design.  
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Figure 5.24 Parallel plate array with element numbering and principal planes 
 
The radiation patterns of fifteen out of the sixteen elements of the array were 
measured, a faulty soldering attachment prevented us from being able to measure element 
16c (This element passed the functionality test described in chapter 3 before assembly). 
The normalized radiation pattern of one element taken at the horizontal port in the 
horizontal plane is shown in Figure 5.25; in this pattern we can see a cross-polarization 
level of about -20dB in the broadside direction. The maximum cross-polarization of this 
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element is -15dB at -30 degrees. The rest of the element patterns can be found in 
APPENDIX A  
 
Figure 5.25 Element 13a normalized radiation pattern measured at the horizontal 
polarization port in the horizontal plane 
Table 5.2 reports the values of broadside cross-polarization as well as maximum 
cross-polarization for all the elements of the array. On average the horizontal ports 
showed better polarization isolation, this difference seems to be related to the 
measurement set up (alignment, array frame, etc.) because simulations show that the two 
channels should exhibit similar cross-polarization values. An error in the assembly is also 
a possibility, but is difficult to prove. We note that difference between horizontal and 
vertical polarizations is the element spacing; 1.7cm and 2.4cm of horizontal and vertical 
separation respectively. Note also that the measured cross-polarization of elements that 
are mirror of each other is not the same; for example, the first 3 elements (12a, 12b and 
12c) show similar cross-polarization characteristics, while the element 12d seems to have 
better cross-polarization on the horizontal channel and worse in the vertical channel. 
These errors seem to be related to differences between the antenna elements caused by 
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the manual assembly of components; variations in the measurement set up (i.e. cables 
movement, temperature) are also possible. Unfortunately, with the current state of the 
array it would require to remanufacture the prototype and redesign the measurements to 
be able to determine if these errors are due to measurements or due to manufacturing 
problems.  
Table 5.2 Measured broadside cross polarization and maximum cross-polarization 
for both horizontal and vertical channels  
Element 
Number
Horizontal Port 
Broadside 
Crosspolarization 
[dB]
Horizontal Port 
Maximum 
Crosspolarization 
[dB]
Vertical Port 
Broadside 
Crosspolarization 
[dB]
Vertical Port 
Maximum 
Crosspolarization 
[dB]
12a -17.2 -11.4 -16.4 -13.2
12b -17.6 -12.9 -16.8 -9.5
12c -17.8 -10.3 -18.7 -11.7
12d -22.4 -21.6 -13.9 -13.3
13a -19.1 -14.5 -20.5 -16.4
13b -16.5 -15.9 -12.5 -9.7
13c -25.5 -16.5 -12.6 -12.2
13d -26.3 -19.8 -9.5 -9.2
16a -21.7 -15.7 -22.5 -11.6
16b -21.5 -20.4 -18.3 -12.4
16c -- -- -- --
16d -21.0 -18.1 -13.5 -10.2
17a -18.8 -14.8 -29.4 -16.8
17b -15.1 -13.9 -21.6 -8.0
17c -34.6 -17.0 -13.6 -13.4
17d -39.0 -24.3 -11.9 -7.5
AVERAGE -22.3 -16.5 -16.8 -11.7  
 
When comparing the element patterns against each other, we found a strong 
dependence of the gain with respect to the position of the element in the array. This 
dependence is due mostly to the amount of LO power that was reaching these elements, 
effect that was most noticeable in the corners of the 4 by 4 array. As discussed in the 
measurements of the feed in the previous section, we are confident that this is due to an 
assembly or manufacturing error rather than due to a design problem. The comparison is 
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shown in Figure 5.26, in this comparison the co-polarization patterns in the two 
polarizations, in the vertical and horizontal planes have been plotted. The figure shows 
that elements closer to the excitation point have more gain and the elements in the 
corners do not even seem to be working in the nominal region of the down-converter. The 
difference in gain between those elements that we estimate have the same amount of LO 
power reached values up to ~5dB, which is still high but expected considering that the 
elements are assembled and soldered manually.   
 
Figure 5.26 Measured co-polarization element patterns comparison 
5.3.2.1 Calibration and array patterns  
The array radiation pattern is obtained by linear combinations in the form 
∑
=
=
dban
nnPCAP
17,...12,12
)()( θθ . (5.9) 
Where AP is the array radiation pattern, Cn’s are complex coefficients calculated based 
on calibration and desired scanning angle and the Pn’s are the complex coefficients 
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corresponding to the element measured field patterns. Figure 5.27 shows an example of 
an array pattern before calibration where all the Cn’s are equal to 1. The null near 
broadside is due to the symmetry of the placement of the antenna elements and the signal 
distribution with respect to the center of the array. The disadvantage of having this null is 
that calibration is required in order to obtain any meaningful pattern. The advantage is 
that due to the same symmetry effect, after calibration, the co-polar components add in 
phase while the cross-polarization terms add out of phase. Resulting in an improvement 
of the cross-polarization of the array compared to the individual elements. 
 
Figure 5.27 Array pattern without calibration 
The first type of calibration considered is a broadside calibration with unrestricted 
amplitude correction. In this type of calibration, the phase of each Cn is set equal to the 
negative of the phase of the element radiation pattern measured in the broadside direction 
( ))0(()( =−= θnn PangleCangle .  The amplitude of Cn is calculated as average broadside 
gain divided by the broadside gain of the element, this equalizes the contribution of all 
working elements. Figure 5.28 shows the calculated amplitudes of Cn for the broadside 
array calibration, the amount of compensation for the corners is quite large, due to the 
reduced gain of the corner elements. Note that the first element of the second row is not 
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functioning, so its contributions will not be taken into account when calculating the array 
pattern. The array patterns with phase calibration and unrestricted amplitude calibration 
are shown in Figure 5.29, in this figure we compare this patterns to an ideal array 4 by 4 
array of isotropic elements with the same spacing 
 
 
 
 
 
 
Figure 5.28 Amplitude of calibration constants for broadside calibration with 
unrestricted amplitude correction 
 
Figure 5.29 Array patterns after phase and amplitude calibration with no 
restrictions 
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As seen in the figure above, with this type of calibration the beamwidth is the one 
expected for an array of this size. We notice also that the cross-polarization and ICPR 
levels are in all cases above 20dB. As mentioned before, the reason for the array cross-
polarization to be better than the average element cross-polarization is because of the use 
of symmetry. In symmetric arrays, after calibration, the copol components add in phase 
while the crosspol components do not add in phase, improving the cross-polarization of 
the array with respect to the individual elements. Note also that in Figure 5.29 there is a 
lower sidelobe level compared to the isotropic case; this is due partially to the symmetry 
and also due to the gain degradation of the elements (more on gain degradation in the 
array scanning section).   
The unrestricted amplitude in the calibration constants is an unrealistic 
assumption, especially in the case where the corners need compensations of up to 50dB. 
For this reason we now present the array patterns using a calibration method in which the 
amplitude correction has been limited to 10dB (|Cn| < 1010/20 = 3,162). Figure 5.30 shows 
the amplitude of the calibration constants for the case with corrections limited to 10dB 
and Figure 5.31 shows the array patterns obtained after this calibration was applied.  
 
 
 
 
  
 
Figure 5.30 Amplitude of calibration constants for broadside calibration with 
amplitude restriction <10dB 
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Figure 5.31 Array patterns after phase and amplitude calibration limited to 10dB 
 
 Note that in this case, the beamwidth has broadened compared to the isotropic 
case. The polarization parameters changed less than 2dB but remained higher than the 
average element cross-polarization. Remember that these patterns are the result of the 
corners of the array having considerably lower gain, which is a result of a manufacturing 
problem of the LO feed. Without these manufacturing problems, we believe the array 
patterns would be closer to the ones of Figure 5.29 but without the need of amplitude 
correction higher than 10dB.  
5.3.2.2 Scanning performance  
In this section we present some examples of scanned patterns as well as figures of 
cross-polarization, ICPR and gain degradation versus scan angle. The calibration method 
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assumed for the scanning performance is a broadside calibration with unlimited 
amplitude correction. To scan the pattern, the progressive phase shifts βx and βy are added 
to the phase of the calibration constants Cn’s. To steer the main beam in the direction 
θ=θ0 and ø=ø0 the progressive phase shifts between rows (x) and between columns (y) 
must be equal to 
)sin()sin(
)cos()sin(
00
00
φθβ
φθβ
yy
xx
kd
kd
−=
−=
, (5.10) 
 
where k = 2π/λ, and dx and dy are the vertical and horizontal spacing respectively. The 
first example of a scanned pattern is for the H-plane at an angle of 30° (θ0=30, ø0 =90). 
Figure 5.32 shows the scanned array patterns for the horizontal and vertical polarization 
ports as well as comparison with an array of isotropic elements scanned to the same 
position.  
 
Figure 5.32 Array patterns scanned to 30° in the horizontal plane 
The second example, shown in Figure 5.33, corresponds to a V plane scan at an 
angle of 16° (θ0=16, ø0 =0). In this scan, it can be seem how the ~0.75λ spacing in the 
vertical is not enough to avoid grating lobes in the 4 by 4 pattern of isotropic elements. 
The ~0.75λ spacing is designed to provide a ±15° scanning range for a large array, 
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however for smaller arrays the array factor equation starts showing grating lobes at 
smaller angles. In both examples there is good agreement between the scanned pattern 
and the pattern of the array of isotropic elements scanned to the same position. Cross-
polarization levels were above 20dB in all cases. There is a loss in gain that is expected 
due to the decreased gain of the elements when scanned off broadside. The sidelobe level 
was for most of the scanned patterns lower than the sidelobe of the isotropic case.  
 
Figure 5.33 Array patterns scanned to 16° in the vertical plane 
The previous examples were particular cases of scanning of the array patterns. We 
conclude with a summary of the scanning performance shown in two figures. Figure 5.34 
shows the cross-polarization and the ICPR of the main beam as a function of the scan 
angle. This is calculated for scanning in both the horizontal (AZ from -50° to 50°) as well 
as the vertical plane (EL from -30° to 30°); unfortunately the d-plane (ø0 =45) scan could 
not be calculated because element patterns were not measured in the d-plane. Note that 
while some peaks are seen in the crosspol due to some nulls of the array pattern, the 
IPCR is a relatively smooth curve that does not exceed -20dB in most of the scanning 
range. Figure 5.35 shows the gain degradation as a function of the scanning angle. For the 
horizontal plane scan, the H and V channels show degradations of -4.2dB and -4.5dB 
respectively when scanned to 45°. In the vertical plane scan, the degradation is less than 
 84 
1.5dB in the scanning range of interest (±15°), however it decreases rapidly reaching -
3dB in the Hpol channel when scanned to ±25°. In the next chapter we will discuss some 
beamforming techniques that might help to improve the cross-polarization performance 
of the array.  
a) b)  
Figure 5.34 Cross-polarization and ICPR vs scanning angle. a) H plane scan (ø0 =90) 
b) V-plane scan (ø0 =0) 
 
a) b)  
Figure 5.35 Gain degradation vs scanning angle a) H plane scan (ø0 =90) b) V-plane 
scan (ø0 =0) 
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CHAPTER 6 
CROSS-POLARIZATION MITIGATION IN PHASED ARRAYS 
6.1 Introduction 
The polarization of a wave radiated by an antenna can de defined for every 
observation point relative to the physical orientation of the antenna. As a consequence, 
especial care must be taken when defining the polarization properties of Electronically 
Scanned Arrays (ESA’s) compared to the definition of polarization of mechanically 
scanned antennas. Mechanically scanned antennas, such as parabolic dishes, are rotated 
so that the main beam is directed towards the target; as a consequence the target is always 
in a fixed direction with respect to the antenna’s physical orientation. ESA’s on the other 
hand, change the current distribution of its elements in order to form a pattern whose 
maximum directivity is in the direction of the target. Therefore, both the position of the 
target and the main beam direction change with respect to the antenna’s physical 
orientation. The polarization of the main beam of an ESA at each observation point is 
approximately a function of the polarization of the individual elements defined at such 
observation point (To be exact other factors such as coupling effects, surface waves, 
current distributions, etc. must be taken into account). This implies that the cross-
polarization of the main beam changes as a function of the scan angle, as the polarization 
of the element would change with respect to the observation point; typically degrading as 
the main beam scans away from the broadside direction.  
The polarization properties of scanning arrays has been studied in [46][47] among 
others. These studies conclude that the polarization of an ESA’s almost always changes 
with scan. The amount of change depends on the radiator type, array lattice, and scan 
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plane. In [47] the Sag, Slant and Tilt polarization problem is also discussed. The Sag is 
the angle between Eh and the horizontal plane, the Slant is the angle between Ev and the 
z-k plane and the Tilt is the angle between the vertical axis and the wavefront (See Figure 
6.1); Eh and Ev are the vectors representing the horizontally and vertically polarized field 
respectively. Currently, this misalignment is of little concern because polarimetric 
measurements are usually taken near the horizon where the sag, slant and tilt are 
minimum. This misalignment is of interest because phased array requirements for the 
future must certainly look forward to the possibility of interaction with hydrometeors 
over the entire volume [47], not just at low elevation angles. Also the impact of the 
ESA’s polarization variation on weather observations has been reported in [48][49]. 
There the sag and slant problem is presented as a projection problem, theoretical 
formulations based on the projection matrix are used to estimate the biasing in 
polarimetric quantities such as differential reflectivity (ZDR), copolar cross-correlation 
(ρHV) coefficient and linear depolarization ratio (LDR). Our interest is the development 
ESA’s that meet the cross-polarization requirements necessary for the measurement of 
polarimetric parameters in weather observations [11]. The requirement is that the cross-
polarized radiation is reduced 20dB relative to the co-polarized signal. 
Idealized 
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Figure 6.1 Slant, Sag and Tilt angles according to Crain [47] 
Normally, the improvement of the polarization performance of an ESA would be 
accomplished by improving the polarization characteristics of the elements of the array. 
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While this holds true, we are also aware that requiring more from the antenna element 
may increase their complexity and therefore increase the cost of the system. Motivated by 
the need to reduce cost, we decided to explore beam-forming techniques that enable the 
improvement of ESA’s cross-polarization without the need to improve the elements 
cross-polarization; in other words, improving the cross-polarization at the array level.  
The work presented in this chapter is based on concepts proposed by M. Simeoni 
et al.[13]. The strategy proposed by Simeoni relies on interleaving (complementary) 
sparse sub-arrays, each of which radiates waves in linear orthogonal polarizations.  In this 
manner, polarization states can be synthesized at the array level. Simeoni proposed the 
possibility of synthesizing polarization states that could be linear, right- and left-handed 
circular or elliptical. The focus of our work is implementing this technique on linearly 
polarized ESA’s with the goal of lowering the cross-polarization in arrays using elements 
with high cross-polarization levels. As part of our contribution, an expression for the 
thinning percentage required for cross-polarization cancelation will be introduced. To 
finalize, some examples will be presented of cross-polarization cancelation done with 
simulations of large arrays as well as with measurements of the dual polarized array 
described in chapter 5.  
6.2 Sparse Arrays for Polarization Control 
The basic principle of the interleaving sparse arrays [13] is to divide the array into 
two sub arrays with orthogonal polarizations. By properly adjusting the phase and 
magnitude of the signals feeding the two sub-arrays it is possible to achieve any desired 
polarization state. Having control over the polarization purity and polarization orientation 
would enable us to compensate for the effects of poor cross polarization and reset the 
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polarization alignment of the array. In [13] the interleaving sparse arrays technique is 
used as a way to synthesize any desired polarization (liner, circular or elliptical). Our 
focus will be in the cross-polarization cancelation to obtain linear polarizations. While 
Simeoni [13] worked with deterministic thinning algorithms that maximize the amount of 
thinning without sacrificing the sidelobe level of the principal array, we work with 
random thinning algorithms that seek to minimize the perturbation of the principal array. 
The reason for this approach is to avoid excessive gain of the cross-polarization pattern in 
regions different than the main beam. A description of the technique follows.  
Consider a large rectangular phased array with dual polarized elements and phase 
shifters at each element. When all the elements are excited with the same polarization, the 
far field array radiation pattern FA(θ,ϕ) can be approximated by the array factor equation 
as [50] 
),(),(),(
2 φθφθφθ eA FAFF = , (6.1) 
where Fe(θ,ϕ) = |fe(θ,ϕ)|
2 is the antenna element pattern, fe(θ,ϕ) is the directional function 
of the electric field of the antenna element Ee that is independent of r [50], so  
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Note that fe(θ,ϕ) is a vector with components in the θˆ  and φˆ  directions, both 
perpendicular to the direction of propagation rˆ . In general fe(θ,ϕ) can be represented by 
an ellipse as shown in figure 2.3. The array factor can be written as 
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where Imn and βmn are the amplitude and phase of the excitation of the element in the m 
row and n column, Ψx = kdxsin(θ)cos(ϕ), Ψy = kdysin(θ)sin(ϕ), k = 2π/λ constant, dx and dy 
are the spacing between rows and columns respectively. The coordinate system is the 
same one presented in chapter 2, where the planar array is placed in the xy-plane with z as 
the broadside direction. In the case were coupling between elements and edge effects are 
assumed to be negligible, the polarization characteristics of the resulting radiation pattern 
depend on the polarization characteristics of the antenna elements used in the array and 
the cross polarization of the main beam will be the cross polarization of the antenna 
element fe(θ,ϕ) when viewed from the direction of the main beam (θ0,ϕ0).  
Now in order to control the polarization of the array consider a new case in which 
only certain elements are excited with one of the polarizations while the remaining are 
excited with the orthogonal polarization as shown in Figure 6.2.  
  
Figure 6.2 Sparse arrays for polarization control concept 
Here it is assumed that each antenna element has dual polarization, so each 
antenna element has two ports or excitation points. Because the array orientation and 
scanning angle are unknown, we will avoid calling the two polarizations vertical and 
horizontal since that would only apply when the array plane is perpendicular to ground 
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(not tilted) and the beam is steered to the horizon. Let V’ and H’ be two orthogonal linear 
polarizations defined in the direction of the main beam of the array (θ0,ϕ0). Note that this 
choice is arbitrary and H’ and V’ can be rotated to define a different pair of orthogonal 
linear polarizations. Let fV’1 and fH’1 be the components of the electric field vector fe1 in 
the V’ and H’ polarizations due to the excitation of port 1 of a single antenna element. 
When port 2 of the antenna element is excited the corresponding components of the 
electric field of the antenna element fe2 are fH’2 and fV’2. Let AF1 and AF2 be the array 
factors of the sub-arrays of Figure 6.2, so all elements of AF1 are exited by port 1 and all 
element of AF2 are excited by port 2. The radiation pattern due to the sub-array AF1 can 
be expressed as 
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where I1mn and β1mn are the amplitude and phase of the excitation of the elements that 
belong to the sub-array AF1. In a similar way, the radiation pattern due to the sub-array 
AF2 can be expressed as 
),(),(),( 2
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22 φθφθφθ eAF FAFF = . (6.7) 
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Note that to obtain the total electric field due to the combination of the two sub-
arrays, the superposition needs to be applied to the electric field, not the power patterns. 
Therefore, it is more convenient to express the total electric field in the component form 
as  
2'21'1'
2'21'1'
HHTH
VVTV
fAFfAFf
fAFfAFf
⋅+⋅=
⋅+⋅=
. (6.8) 
where fTV’ and fTH’ are the two components of the total electric field of the full array. 
Remember that the far field approximation is being used, so the electric field will be a 
vector tangent to the radiation sphere with components in the θˆ  and φˆ  directions (the 
component of the electric and magnetic fields in the rˆ  direction is zero). The polarization 
directions H’ and V’ are a rotation at an arbitrary angle with respect to the θˆ  and φˆ  
directions. This convention allows us to define the angle to match the co-polarization and 
cross-polarizations definitions of any desired antenna. The total radiation pattern for the 
array of Figure 6.2 can be expressed as 
2
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In general fTV’ and fTH’ describe an elliptical polarization. An interesting feature of 
equation (6.8) is that if the amplitudes and phases of AF1 and AF2 are controlled by the 
settings of the beamformer system ({ mnjmneI
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β }), then when 
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the orthogonal polarization component fTH’ can be made equal to zero in the (θ0,ϕ0) 
direction. Thus, the field due to the array will be linearly polarized with the V’ orientation 
in the (θ0,ϕ0) direction. Since the selection of V’ and H’ is arbitrary, this feature means 
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that an arbitrary linear polarization can be obtained for a given direction of propagation. 
From the practical point of view, the appeal of this technique is that it would allow the 
mitigation of the cross-polarization component of a radiation pattern in a given direction. 
It would also allow polarization rotation, which is useful to compensate for 
misalignments of the array polarization with respect to a desired direction.  
 Note that there are many choices of ({ mnjmneI
1
1
β }and { mnjmneI
2
2
β }) that will 
satisfy (6.10) as well as many choices in which the full array can be divided in the two 
sub-arrays AF1 and AF2. The massive deterministic thinning algorithms used in [13] 
provided good cancelation in the main beam, but they also produced patterns where the 
sidelobes of the cross-polarization pattern had 6dB of gain less than the main lobe of the 
co-polarization pattern which is not desirable for remote sensing applications. One thing 
that is noted in [13] is that, of the two thinning algorithms used, the one with a higher 
degree of “randomness” yields a better performance, which encourages further research 
with truly random sub-arrays. Note also that sparse does not necessarily mean random.  
 The thinning mechanism implemented in our technique is a random thinning with 
a uniform distribution. In this thinning mechanism, the probability of any element of the 
array to be switched to the complimentary sub-array used for cross-polarization 
cancelation is a only a function on the thinning percentage K and is not dependent on the 
position of the element of the array,  
KSubarrayelementP mn =∈ )( 2 , (6.11) 
where K = n2/(n1+ n2) is the thinning percentage and n1 and n2 are the number of elements 
of AF1 and AF2 respectively.  
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Now we present the derivation to estimate the thinning percentage necessary to 
cancel certain amount of cross polarization Xpol = 20log(fV’1/fH’1). The objective of this 
thinning percentage calculation is to minimize the perturbation made to the main array. 
Suppose that the beamformer system has only phase control and the amplitude of the 
excitation of all elements is the same ( |I1mn|= |I2mn| = I0). When the phase shifts βmn are 
applied to the two sub-arrays, the amplitudes of AF1 and AF2 in the direction of interest 
(θ0,ϕ0) will be proportional to the number of elements of the two sub-arrays n1 and n2. 
Now suppose that the dual polarized element has the same gain in both polarizations, that 
is |fH’2(θ0,ϕ0)|=|fV’1(θ0,ϕ0)|. Under this assumption, in order to satisfy (6.10), the thinning 
percentage necessary to cancel the cross-polarization term fTH’ can be calculated as 
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In practice, it is preferable to have a beamformer that also provides amplitude 
control on the Imn’s. This would allow for more accurate cancelation and also to vary the 
thinning percentage around the one obtained by equation (6.12). Note that switching n2 
elements to the orthogonal polarization has an impact on the gain of the co-polarization 
pattern of the main mean. Assuming the cross-polarized component of the sub-array AF2 
is negligible compared to the co-polarized component of the sub-array AF1, the gain 
reduction in dB of the total array cam be approximated by 
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Other parameters that might suffer depending on the specific kind thinning of the array 
are the sidelobe level, the beamwidth and the scanning range free of grating lobes. Figure 
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6.3 shows the thinning percentage and gain reduction as a function of the cross-
polarization level to be cancelled.   
 
Figure 6.3 Gain reduction (in dB) and thinning percentage versus cross-polarization 
level to be cancelled 
6.2.1 Calibration 
The main challenge in the use of sparse arrays for polarization control is that the 
cancelation depends on the relative phase of the electric fields and their components. 
Measuring these phases in the field may require complicated calibration procedures. In 
practice, measuring the phase of the pattern in a specific direction is not a trivial task; it is 
common for the phase shifters of the ESA to be calibrated with a reference signal coming 
from broadside or by using mutual coupling between adjacent elements to calibrate the 
array [51]. This broadside calibration is used to calculate the amplitudes and phases to set 
all the elements of the array so that the main beam is steered in the broadside direction.  
Following this, the beam-former system will add the required amplitude and phase 
variations as needed for steering and beam-forming.  
As discussed before, to be able to apply the cross-polarization cancelation it is 
necessary to know the amplitude and phase of the copol and crosspol components of 
radiation pattern of the two sub-arrays in the direction of the main beam (which can be 
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directed anywhere in the scan volume). This allows us to determine a single phase 
constant that will be added to all the phases β2mn’s of the elements of the complementary 
sub-array AF2 such that the contribution of the co-polarized component of this sub-array 
is in opposite phase to the cross-polarized component of AF1, as thus cancel the cross-
polarization component in the direction of the main beam (or direction of interest).  The 
question remaining is: is it necessary to measure the amplitude and phase of the electric 
field of the two polarizations of the two sub-arrays that result after thinning for each theta 
and phi in the scanning region? Or is a broadside calibration enough to apply the 
polarization control algorithms?  
Next we present examples of cross-polarization cancelation, first for ideal cases 
then with the parallel plate architecture prototype. In the examples with the parallel plate 
architecture we will discuss the results of applying cross-polarization cancelation when 
both types of calibration (broadside and steered) are used. Conclusions and 
recommendations of the type of calibration required will be drawn after the examples. 
6.3 Examples of polarization control 
6.3.1 Ideal cases of polarization control 
Let us start with two examples of cross-polarization cancelation on an ideal array. 
In the ideal case, we assume that the radiation pattern is the multiplication of the array 
factor times the active element pattern [52]. For these examples, we used the antenna 
element shown in Figure 6.4; this is an X-band microstrip patch, with length and width of 
10.5mm, etched on a 20mil [0.508mm] thick Duroid material with a permittivity of 2.2. 
The patterns were simulated at 9.8GHz with periodic boundary conditions with a lattice 
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of 15mm (~λ0/2) on each direction. In the first example the array is pointing broadside 
and in the second example it is scanned to θ = 45° in the d-plane (ϕ=45°). The antenna 
element pattern used has 24.4dB of cross pol at broadside and 14.4dB at θ = 45° in the d-
plane. The size of the array is 32 by 32 elements with a spacing of λ0/2 in the x and y 
directions. The amplitude distribution is uniform. The thinning algorithm used was a 
random number generator in Matlab. For each element of the array a random number 
would be generated in the [0,1] interval (with an uniform distribution). If the number is 
smaller that K, the element would be switched to the complementary array AF2, if not 
then the element would remain in AF1. 
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Figure 6.4 Antenna element used in simulation of cross-polarization cancelation 
 
Figure 6.5 Pattern of ideal array at broadside (no thinning)  
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Figure 6.5 shows the array pattern calculated using the array factor equation (6.1) 
for the case of the main beam steered toward the broadside direction and no polarization 
correction. Using equation (6.12) to calculate the amount of thinning necessary to cancel 
24.4dB of cross-polarization, we obtain K equal to 5%. Figure 6.6 shows the 5% random 
thinning and the patterns of the sub-arrays. Figure 6.7 shows the array pattern after 
combining the contribution of the two sub-arrays. To obtain the cross-polarization 
cancelation, equation (6.10) was used. There are multiple solutions that satisfy this 
equation. The solution used in these examples is calculated by maintaining uniform 
amplitude excitation (All I1mn’s and I2mn’s are equal to I0). The phases β1mn’s and β2mn’s 
are initially calculated according to the steering equation (2.2), then the phase difference 
between the two subarray patterns is used to calculate a phase constant that is added to all 
the elements of AF2 (This is equivalent to adding that phase shift to the pattern of AF2). 
The phase shift is calculated so that the cross-polarization component of AF1 and the co-
polarization component of AF2 add in opposite phase; this produces the cross-
polarization mitigation of the combination pattern.  
In this case, the cross-polarization of the main beam improved from 24.4dB to 
48.8dB, and even though the cross polarization sidelobes increased, the ICPR (Defined in 
Chapter 2) still improved from 24.4dB to 45.2dB. The gain reduction for 5% of thinning 
was 0.5dB. We note that the gain is not calibrated and the patterns are not normalized, 
still all amplitude numbers should be understood as relative to each other rather than 
absolute.  
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AF1
AF2
K=5%
a)
b)  
Figure 6.6 Thinning of ideal array scanned broadside a) 5% Random thinning b) 
Subarray patterns 
 
Figure 6.7 Broadside array pattern after cross-polarization cancelation  
The second example starts with Figure 6.8; this corresponds to the case where the 
main beam is steered to 45 degrees in the diagonal plane (ϕ=45°). When all elements of 
the array are excited with the same polarization, the cross-polarization of the main beam 
is 14.4dB. Using that value of cross-polarization in equation (6.12) results in a thinning 
percentage of 16%. Figure 6.9 shows the 16% uniform random thinning and the patterns 
of the sub-arrays in the d-plane. The resulting pattern after cross-polarization cancelation 
for this example is shown in Figure 6.10. In this case, the cross-polarization of the main 
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beam improved from 14.4 to 58.1dB; however, as Figure 6.10 shows, this value of cross-
polarization happens in a very narrow region at the peak of the main lobe. Even so, the 
ICPR (integrated cross-polarization ratio) in this case went from 14.5dB to 29.6dB. The 
decrease in gain was of 1.8dB which is 0.6dB less that the expected from Figure 6.3, this 
is due partially to approximations made in the derivation of equation (6.13).   
 
Figure 6.8 Pattern of ideal array scanned at θ = 45°, ϕ=45° (No thinning)  
AF1
AF2
a)
b)
K=16%
 
Figure 6.9 Thinning of ideal array scanned at θ = 45°, ϕ=45°. a) 16% Random 
thinning b) Subarray patterns 
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Figure 6.10 Scanned pattern after cross-polarization cancelation  
As mentioned before, the cancelation method is designed so that the phases of the 
cross-polarization contributions of AF1 and AF2 are opposite at the peak of the main lobe, 
which is the place where we are more interested in mitigating the cross-polarization 
component. As a result, the improvement of cross polarization in the main lobe is 
maximum while the sidelobes might suffer from a worsening of cross-polarization. In our 
case one of the figures of merit used to evaluate the improvement is the integrated cross 
polarization ratio (ICPR), this allows us to account for overall behavior of the pattern 
cross-pol rather than a single point. Note that there are many sets of cross polarized 
elements that will reduce the main beam crosspol, some of these may be less damaging to 
the sidelobe cross-polarization level. If this technique is successfully implemented, 
further research should determine if there is a thinning technique that minimizes the 
ICPR.  
6.3.2 Polarization control on the parallel plate architecture prototype 
The dual polarized prototype array described in Chapter 5 provides a practical 
platform to study the topic of polarization control. Having the individual element patterns 
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allows us to use Matlab to calculate the array pattern and apply the polarization control 
cancelation technique described in section 6.2.  
First, let us discuss the limitations of applying the polarization cancelation 
technique to this array. The first limitation is the number of elements; with only 16 
elements we can not claim that the thinning is random. However, this should not stop us 
from being able to do polarization cancelation as long as we can switch at least one 
element of the array to the opposite polarization. The second limitation is that the array 
factor equation can not be used for this array due to its small size; in small arrays the 
coupling can not be assumed to be uniform and the edge effects can not be ignored. In 
addition the parallel plate architecture prototype has elements placed symmetrically with 
respect to the center of the array, therefore the element pattern is not only displaced from 
one location to another, is also mirrored. Fortunately we can calculate the array patterns 
using linear combinations of the measured element patterns. In addition, amplitude 
adjustments to the Imn’s will be done in this case; the purpose of the adjustment is to 
make the amplitude of the cross-polarization component of the main sub-array (AF1 
cross-pol) equal to the amplitude of the co-polarization component of the complementary 
array (AF2 copol). This way, we can compensate for the coarse thinning and amplitude 
differences between elements. In these examples the calibration procedure sets the 
amplitude of the Imn’s so that the contributions of all elements to the radiated field are the 
same. The cross-polarization of the main beam is then used in equation (6.12) to estimate 
the thinning percentage K, unfortunately the thinning percentage is not usually close 
enough to 1/16 that is the realizable thinning of this array; so for cross-polarization 
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cancelation all the I2mn’s are readjusted uniformly so that (6.12) can be satisfied (This is 
equivalent to multiplying the subarray pattern by a constant C). 
The first two examples on the parallel plate prototype are for array patterns in the 
broadside direction, one example for each polarization. The thinning is done by switching 
element 17d (For element numbering see Figure 6.11) to the orthogonal polarization 
(Vertical when improving the Horizontal cross-polarization and Horizontal when 
improving the Vertical cross-polarization). Calibration at broadside is assumed for these 
two cases.  
 
12c 13c 13d 12d
16c 17c 17d 16d
16b 17b 17a 16a
12b 13b 13a 12a
V plane
H plane
24mm
17mm
15mm2
 
Figure 6.11 Parallel plate array with element numbering and principal planes 
Figure 6.12 shows the broadside array patterns in the H-plane when all the 
elements of the array are excited in the H-polarization (Figure 6.12 a)) as well as the V-
polarization (Figure 6.12 b)). Before applying the cross-polarization cancelation the 
broadside cross-polarization of the H-polarized pattern is 31.5dB and its ICPR is 28.7dB. 
The broadside cross-polarization of the V-polarized pattern is 23.1dB and its ICPR is 
22.2dB. Figure 6.13 and Figure 6.14 show the patterns of the two sub-arrays that results 
from switching element 17D to the orthogonal polarization (Vertical when the rest of the 
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elements is excited with Horizontal and vice versa). In these figures we see that the 
amplitude of the co-pol component of the patterns of Figure 6.13b) and Figure 6.14b) (In 
red) does not match the amplitude of the cross-pol components of the Figure 6.13a) and 
Figure 6.14a) (Also in red). This is expected as the thinning of this array is coarse due to 
the small number of elements. Further adjustment to the amplitude (multiplication of the 
complementary array pattern by a constant) is done in the beamformer in order to match 
the magnitude and achieve cross-polarization cancelation after combining the 
contributions of both sub-arrays.  
 
Figure 6.12 Array pattern at broadside with amplitude calibration (before thinning) 
a) Horizontal polarization b) Vertical polarization 
 
 
   a)      b) 
Figure 6.13 a) Co and X-pol patterns on main subarray - H polarization b) Co and 
X-pol patterns of element used to cancel cross-pol component of the main subarray -
V polarization (Normalized to the gain if the main sub-array) 
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Figure 6.14 a) Co and X-pol patterns on main subarray - V polarization b) Co and 
X-pol patterns of element used to cancel cross-pol component of the main subarray 
– Hpolarization (Normalized to the gain if the main sub-array) 
 
Figure 6.15 Broadside array pattern after cross-polarization cancelation a) 
Horizontal polarization b) Vertical polarization 
The figure above shows the result of combining the patterns for cross-polarization 
cancelation. For the case of the horizontal polarization array pattern (Figure 6.15 a)), the 
polarization mitigation showed an improvement in the cross-polarization from 31.5dB to 
54.1dB while the ICPR went from 28.7dB to 36.8dB. The gain reduction from the 
thinning is 0.6dB. For the case of array pattern at broadside and mitigation of cross-
polarization in the vertical polarization (Figure 6.15 b)), the improvement in cross-
polarization was from 23.1dB to 48.01dB while the ICPR went from 22.2dB to 27.6dB.  
As mentioned before, the thinning of the previous two examples was the element 
17d (Figure 6.11). To determine the dependence with respect to the element used for 
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cancelation we repeated the two examples changing the element. The results of the 
repetition with all the working elements are summarized in Table 6.1. 
Table 6.1 Cross polarization cancelation for the parallel plate array at broadside as 
a function of the thinning element 
Thinning Xpol-before X-pol-after IPCR-before ICPR-after Gain loss Xpol-before X-pol-after IPCR-before ICPR-after Gain loss
12c 31.5 54.7 28.7 27.9 0.6 23.1 44.6 22.2 23.2 0.7
13c 31.5 54.9 28.7 31.9 0.6 23.1 45.2 22.2 27.0 0.6
13d 31.5 54.1 28.7 35.1 0.6 23.1 49.0 22.2 27.5 0.6
12d 31.5 52.9 28.7 32.1 0.6 23.1 47.0 22.2 24.5 0.6
17c 31.5 54.3 28.7 32.4 0.6 23.1 46.5 22.2 27.6 0.6
17d 31.5 54.1 28.7 36.8 0.6 23.1 48.0 22.2 27.6 0.6
16d 31.5 53.8 28.7 32.2 0.6 23.1 47.3 22.2 24.0 0.6
16b 31.5 55.3 28.7 28.2 0.6 23.1 46.8 22.2 23.9 0.6
17b 31.5 57.2 28.7 32.6 0.6 23.1 45.7 22.2 26.3 0.6
17a 31.5 57.0 28.7 37.3 0.6 23.1 45.5 22.2 27.0 0.6
16a 31.5 56.1 28.7 31.7 0.6 23.1 45.5 22.2 24.6 0.6
12b 31.5 51.3 28.7 28.1 0.6 23.1 46.8 22.2 23.3 0.6
13b 31.5 52.1 28.7 31.2 0.6 23.1 47.4 22.2 26.9 0.6
13b 31.5 55.8 28.7 37.4 0.6 23.1 44.9 22.2 27.3 0.6
12a 31.5 56.3 28.7 32.9 0.6 23.1 44.3 22.2 24.0 0.6
*All units are [dB]
Horizontal Polarization Vertical Polarization
 
In chapter 5 it was shown that the array pattern had better cross-polarization in the 
H channel than in the V channel (See Figure 5.34), this results from the antenna elements 
having better cross-polarization (on average) in the H channel than in the V channel. In 
section 5.3.2, we also discussed that symmetrically located elements have different cross-
polarization characteristics and concluded that this is due to manufacturing problems or 
measurement set up, not design. As a consequence, different results are expected when 
the cross-polarization cancelation is done with symmetrically located elements. Note that 
while the improvement in cross polarization at broadside can be achieved with all 
elements, the improvement in the ICPR is not always achieved (Horizontal polarization 
elements 12c and 12b). Also, the improvement in ICPR is not as significant as the one in 
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cross-pol, supporting out prediction that the cancelation works better in the direction of 
calibration, and the cross-polarization of the rest of the pattern does not necessarily 
improve with the use of the cross-polarization cancelation technique. However, for large 
arrays with narrow main beams and controlled sidelobe level, the ICPR depends mostly 
on the cross-polarization of the main beam. Thus, the polarization cancelation in the main 
beam will have a more noticeable effect on the ICPR in the case of large arrays as long as 
the thinning algorithm maintains a low sidelobe level. This can be interpreted using the 
ICPR equation defined as 
∫
∫
Ω
Ω
−=
df
dff
ICPR
copol
xpolcopol
210
log10 . (6.14) 
Note that in the directions that fcopol has low amplitude (low sidelobes), the cross-
polarization contributions to the integral will be minimized while it will be maximized 
for the main beam. To improve the ICPR, the numerator of the argument of the logarithm 
should be minimized (Note the negative sign); therefore, the cross polarization of the 
main beam should contribute as little as possible in this integral. Further research with 
thinning algorithms with minimized sidelobe levels is encouraged in the implementation 
of this technique. 
Next, we present examples of cross-polarization cancelation for scanned array 
patterns. In the previous chapter we concluded that a broadside phase calibration would 
be sufficient to scan the pattern, now we are interested in finding out if we need to 
measure the phase of the copol and cross pol contributions for every (θ0,ϕ0) direction of 
interest. In the ideal case, equation (6.10) could be used to calculate the cancelation term 
because the phase of the fH’1(θ0,ϕ0), fV’1(θ0,ϕ0), fH’2(θ0,ϕ0) and fV’2(θ0,ϕ0) would be 
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assumed to be the same for all elements of the array. In practice the phase of the copol 
and crosspol components of all the elements of the array is not the same (even at 
broadside), especially in this array where there is symmetric placement of elements 
instead of just displacement.  
The first example of this type is an array pattern scanned 30 degrees in the 
horizontal plane (ϕ = 90). Two types of calibration are used in the cross-polarization 
cancelation, one using the array phase measured at broadside to calculate the cross-
polarization cancelation term and the second using the phase measured in the direction of 
the main beam (θ0,ϕ0).  
 
Figure 6.16  Array pattern scanned -30 degrees in the horizontal plane  
 
Figure 6.17 Array patterns scanned -30 degrees after cross-polarization cancelation 
a) Broadside phase calibration b) 30 degrees phase calibration 
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Figure 6.16 shows the H-plane cut of the scanned pattern when all the elements of 
the array are excited with the V-polarization. Before cross-polarization cancelation the 
cross-pol of the main beam is 22dB and the ICPR is 21.9dB. Figure 6.17a) shows the 
results of cross-polarization cancelation when the array phase measured at broadside is 
used to calculate the cross-polarization cancelation term and Figure 6.17b) shows the 
case when the phase measured in the direction of the main beam is used to calculate the 
cross-polarization cancelation. Comparison of the two cases shows that polarization 
mitigation was not achieved when the phase from the broadside calibration was used, 
while the cancelation worked well when the phase information of the patterns at θ =-30° 
was used. In the broadside calibration case the cross-polarization changed from 22dB to 
19.2dB and the ICPR from 21.9dB to 18.8dB. In the case with calibration at θ = -30° the 
cross-polarization improved from 22dB to 45.6dB while the improvement in the ICPR 
went from 21.9dB to 25.1dB. 
Lastly we present another example of a scanned array pattern. In this case, the 
beam is scanned to 20 degrees in the vertical plane. Again we are comparing the 
polarization cancelation when phase information at broadside is used versus the case in 
which the phase at 20 degrees is used. The scanned pattern before cross-polarization 
cancelation is shown in Figure 6.18 and the results for the cross-polarization cancelation 
are shown in Figure 6.19. 
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Figure 6.18 Array pattern scanned 20 degrees in the vertical plane  
 
Figure 6.19 Array patterns scanned 20 degrees after cross-polarization cancelation 
a) Broadside phase calibration b) 20 degrees phase calibration 
For the case where the patterns phase information at broadside was used to 
calculate the cross-polarization cancelation term, the cross-polarization changed from 
24.4dB to 31.7 dB while the ICPR changed from 24.1dB to 28.2dB. In the case where the 
patterns phase information at θ = 20°, ϕ=0° was used to calculate the cross-polarization 
cancelation term the cross-polarization improved from 24.4dB to 48.1dB while the ICPR 
went from 24.1dB to 26.2dB. The loss in amplitude due to thinning was the same seen 
when the array pattern was scanned broadside as expected (0.6dB). 
The comparison between the two types of calibration shows that it is necessary to 
have information about the phase of the co-pol and cross-pol components of the sub-array 
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patterns in all the directions that the cross-polarization cancelation is desired. However, 
note that this does not generally imply that polarization cancelation can not be done when 
the phase information at broadside is used to calculate the cross-polarization cancelation 
term for a steered pattern. For example, one case in which the broadside calibration might 
be sufficient is the one with a large array in which all elements have the same phase 
variation with respect to the angle of incidence, in such case the measurement of the 
amplitude and phase of one element pattern at broadside could be use to estimate the 
magnitude and phase of the array pattern. In the parallel plate architecture, the phase of 
the co-pol and crosspol of different element changes in a different way because of the 
symmetries in the lattice of this array. In addition there were some amplitude differences 
between elements due to the local oscillator power changing beyond the expected values 
due to manufacturing problems (As noted in chapter 5).  
Another conclusion drawn from the results presented is that the cross-polarization 
cancellation works for narrow regions of the radiation pattern. The region of interest is 
normally the main beam (θ0,ϕ0). The results are in agreement with those presented by 
Simeoni’s; there, the polarization synthesis worked well in narrow regions of the 
radiation pattern. In addition we conclude that in order for there to be noticeable 
improvement in the integrated cross polarization ratio it is preferable to have low side 
lobe level and a narrow beam. 
Overall, this chapter showed how Simeoni’s concept of Interleaved Sparse Arrays 
can be modified and improved for use in electronically scanned arrays for weather 
sensing applications. The main improvement over Simeoni’s work lays in the thinning 
percentages used, while the Simeoni used deterministic thinning algorithms designed to 
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massively thin the main array, we used random thinning that seeks to minimize the 
perturbations to the original array. To further explain the difference, the thinning 
algorithms used by Simeoni produce a main sub-array with a low sidelobe level; 
however, they also produce a complementary array with excessive gain. As a 
consequence, when the combination of the two sub-arrays is done the resulting pattern 
does not have a low sidelobe level; the patterns presented in [13] have cross-polarization 
patterns that have -6dB of sidelobe level; in remote sensing applications is it desired to 
have -20dB or less[11][12]. The thinning percentages used here minimize the 
perturbations to the main array; therefore, they also minimize the gain of the 
complementary array. Consequently, the patterns that results from the combination of the 
two sub-arrays have controlled sidelobes in both the co-polarized and cross-polarized 
patterns. To accomplish this goal, we developed a thinning expression that minimizes the 
gain of the complementary array while providing enough gain to perform the cross-
polarization cancellation. Thanks to the development of the thinning expression, we 
presented cases in which the cross-polarization cancelation in large arrays can be done by 
using only phase control (not amplitude); this is advantageous from the efficiency point 
of view since it allows all the transmitters/receivers of the array to work at full dynamic 
range. We also validated the ISA concept by presenting experimental results 
implemented with the dual polarized array presented in Chapter 5; Simeoni’s initial 
approach [13] showed no experimental validation.  
Calibration implications were also discussed as part of our contribution; we 
conclude that it is necessary to have knowledge of the magnitude and phase of the 
electric field of the two sub-arrays that result from thinning in order for the ISA 
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technique to effectively cancel the cross-polarization of the main beam. For scanning, the 
magnitude and phase must be known at all scan angles. In large arrays with periodic 
lattices it is possible to calculate these magnitudes and phases using the measurement of 
one element. This work was developed within the framework of low cost phased arrays 
with poor cross-polarization levels in which the cross-polarization of the array is 
improved at the array level instead of the single element.  
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 
This dissertation has presented methods to reduce the complexity and the cost of 
Electronically Steered Arrays. These methods are focused on two aspects of the array. 
The first one is the array architecture and the physical aspects of the array backplane. The 
second aspect is on algorithms for signal combining and distribution that provide 
polarization control in ESA’s. We presented new architectures (Chapters 4-5) and a novel 
antenna element (Chapter 3) as well as a beam forming technique used for polarization 
control in ESA’s (Chapter 6). Based on the results presented in the dissertation we draw 
the following conclusions and make recommendations for lowering the cost of ESA’s.  
7.1 Physical aspects of phased arrays 
A novel single layer, dual polarized antenna package was developed and 
presented. The simplification of the antenna was possible thanks to the top surface 
mounting of the electronics on a microstrip patch. The improvement in packaging cost 
over previous prototypes developed by Lammda lab [38] was about one order of 
magnitude (The number may vary for large quantities). The important factors in the cost 
reduction are the reduction of layers in the package, the absence of blind vias and 
avoiding internal cuts/holes in the substrate of the package. Broadside cross-polarization 
of the antenna element showed average values near 19dB, which is near acceptable for 
remote sensing applications [11]. However, improvement to values close to 25dB should 
be achieved once the manufacturing process is improved.  
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During the design of this active antenna element, with electronics closely 
integrated to the radiating element, it was important to model the impedances at the ports 
of the electronics and at the ports of the package. Changes in such impedances proved to 
have an effect on the resonant frequency and cross-polarization of the antenna element. 
The recommendation for active antenna designers is to take into account the effects of the 
electronics and connections (high and low frequency) in the modeling the active antenna 
as they may have an effect on its radiation characteristics. 
Two phased array architectures were discussed, the series fed row-column 
architecture and the parallel plate feed architecture. Both architectures were demonstrated 
with backplanes with 3 layers using standard FR4 substrates. Avoiding blind vias and 
internal cuts/holes were also factors that contributed to the reduction in cost of the 
backplane. The use of FR4 substrates was possible due to the fact that both architectures 
do not transmit RF frequencies at the backplane level; the highest frequency transmitted 
in the backplane is the local oscillator, which is used as a phase reference to produce the 
RF signal at each antenna package.  
As expected, the row-column architecture proved to be an effective way to reduce 
the number of phase shifters and phase controls necessary to steer the beam of a planar 
array in both elevation and azimuth. The use of series feeds was a key factor in the 
reduction of space and layers necessary to distribute the local oscillator and intermediate 
frequency signals in the array panel. There are mainly two disadvantages of the series fed 
row-column architecture. The first one is the sidelobe level that can be achieved; this is a 
consequence of the limited amount of phase correction that can be made in a row-column 
architecture compared to a phase shifter per element architecture. The second one is the 
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robustness of the array; in the series feeds that were used to distribute the signal in rows 
and columns, the distribution depends on the correct termination of all the outputs of the 
feed. When one element of the array fails resulting in a short or open circuit at one port of 
the feed, the rest of the elements of the row and/or column of the element are affected by 
this failure. 
 The novel parallel plate feed architecture was presented. In this architecture it is 
assumed that phase shifters are present at each element. A reduction in the number of 
backplane layers is achieved thanks to a simplified scheme for signal distribution. Here, 
the LO signal is radiated between the top and second metallization layers, making this a 
parallel plate feed. In addition to the reduction of layers, this signal distribution scheme 
proved to be attractive from the reliability point of view. In this architecture, the failure 
of an element has little effect of the behavior of the rest of the elements of the array. The 
main challenge in the design of the parallel plate feed is the reduction of the difference in 
power of the signals that reach the elements of the array. Variations in coupling gaps and 
orientation of the pick-up mechanisms were factors that contributed to the reduction of 
such difference. In the parallel plate feed, the via bundles that carry low frequency signals 
from the top to the bottom of the backplane are necessary obstructions that scatter the 
parallel plate wave and increase the variation in received power at each element. The 
fading effect was reduced by adding multiple pick-up vias at each element of the array. 
The parallel plate architecture was demonstrated by driving an array of the single layer 
dual polarized antenna elements developed in this research. Variations in gain larger than 
expected were seen in the elements located in the corner of the array, we concluded that 
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such variations are due to assembly and manufacturing problems. Still, characterization 
of the factors that affect these variations should be improved.  
The majority of problems that we ran into during the development of the 
prototypes are related to manufacturing and assembly. Due to time and budget constrains, 
a lot of manual assembly and in-house soldering took place. This was adequate because 
the goal of the projects was the concept demonstration of the architectures. However, for 
larger arrays it is crucial to use automated processes that are repeatable, controllable and 
traceable. This is beneficial for two reasons; first, an automated assembly can reduce the 
cost of labor and time to assemble the array; second, the diagnosis and characterization of 
the arrays can be improved if human factors can be eliminated as possible causes of 
biasing or malfunction.  
7.2 Polarization control in electronically steered arrays  
Motivated by the need to reduce cost, beam-forming techniques were explored 
that enable the improvement of ESA’s cross-polarization without the need to improve the 
element’s cross-polarization; in other words, improving the cross-polarization at the array 
level. This motivation led us to an interpretation of the Interleaving Sparse Array [13] 
technique for polarization synthesis in ESA’s.  
The ISA technique was modified and improved for use in electronically scanned 
arrays for remote sensing applications. The thinning percentages used in the ISA method 
were revised in order to avoid excessive gain in the sidelobes of the radiation pattern. An 
expression for the thinning percentage K that should be used to cancel a given amount of 
main beam cross-polarization X-pol was derived and presented. Analysis of the gain 
reduction due to the thinning of the array was also presented, it was noted that when the 
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cross-polarization of an array is -15dB or less, the ISA technique can be used to improve 
the cross-polarization value with sacrifices in gain of the main beam of less than 1.5dB. 
Cases of cross-polarization cancellation in large arrays with only phase control (not 
amplitude) were presented; this was accomplished thanks to the improvements in the 
calculation of the thinning percentage. 
The ISA concept was validated with experimental results implemented with the 
dual polarized array presented in Chapter 5. Calibration implications were discussed as 
part of the contribution; it was concluded that it is necessary to have knowledge of the 
magnitude and phase of the electric field of the two sub-arrays that result from thinning 
in order for the ISA technique to effectively cancel the cross-polarization of the main 
beam. For scanning, the magnitude and phase of the radiation patterns must be known at 
those angles that the main beam is to be scanned.  It should also be noted that the ISA 
technique works for narrow regions of the radiation pattern. From this it was concluded 
that in order for the cross-polarization cancellation to show a noticeable improvement in 
the integrated cross polarization ratio it is preferable to have arrays with low side lobe 
level and a narrow beam. 
7.3 Future work 
This dissertation presents phased array architectures that facilitate the use of 
inexpensive materials and manufacturing techniques. These architectures were 
implemented using commercially available electronics and standard printed circuit 
boards. Implementations at a larger scale should follow now that the basic principles of 
operation have been demonstrated. For such implementations it is necessary to work 
mainly in three areas, the first one is the design of the electronics and active antenna 
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elements for the array, the second area is the design the backplane or array board, the 
third one is the beam former system that processes all the algorithms for calibration, 
polarization control and polarization synthesis.  
In the area of the electronics, one of the topics worth exploring is what is known 
as Injection Locked Oscillators. An ILO is an oscillator that would synchronize to a 
reference signal. If that reference signal is a sub-harmonic of the frequency of oscillation 
of the ILO, then this signal could be used to recover the local oscillator signal at each 
antenna element of the array. The advantage of this approach is that the feed that would 
distribute the synchronization signal would operate at a lower frequency; allowing us to 
relax the specifications of the array backplane. The Laboratory for Microwave and 
Millimeter Wave Devices and Applications has been active in the development of 
transceivers that integrate this capability [10]. Integrating the electronics with a general 
purpose packaged antenna element that can be used in a variety of arrays would allow 
further reduction in cost of the system. 
The area that this dissertation focused the most was the design of the backplane of 
the array. The parallel plate feed is the first of its kind, and it proved to be an efficient 
method to reduce the complexity of the array board. However, improvements in power 
variations are needed if this signal distribution scheme is to be used in larger arrays. 
Additionally, a current flaw of the design procedure is that nulls can not be predicted 
without the use of electromagnetic simulations. A synthesis method that can estimate the 
behavior of the structure without the need of simulations should be created in order to 
provide a better modeling of the feed.  
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In the area of beam forming algorithms and polarization control, there are a 
couple of topics that can be explored in order to develop the future generations of ESA’s 
for weather observations. One of them is the demonstration of polarization control in 
larger arrays. A phased array developed by the CASA center at the University of 
Massachusetts is currently under development [53]. This array is a platform that can be 
used to study polarization control algorithms with an aperture of ~1m2. Another area is 
the study of thinning algorithms; now that the thinning percentages have been revised, it 
is possible that the ISA technique can be improved by designing thinning algorithms that 
provide polarization cancellation in the main beam as well as improvements in the 
integrated cross-polarization ratio of the array. Finally, the impact of polarization rotation 
and polarization control on the retrieval of estimates of quantities such as differential 
reflectivity, differential propagation phase and so on, should be studied. This study 
should determine if the beam forming algorithms presented here are effective in the 
improvement of the performance of ESA’s for weather observations.  
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APPENDIX A  
PARALLEL PLATE ELEMENT PATTERNS 
 
 
 
Figure A.1 Normalized Co-polarized and Cross-polarized element patterns in the 
horizontal polarization, horizontal plane 
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Figure A.2 Normalized Co-polarized and Cross-polarized element patterns in the 
horizontal polarization, vertical plane 
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Figure A.3 Normalized Co-polarized and Cross-polarized element patterns in the 
vertical polarization, horizontal plane 
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Figure A.4 Normalized Co-polarized and Cross-polarized element patterns in the 
vertical polarization, vertical plan 
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APPENDIX B  
PARALLEL PLATE LAYOUT 
This section is dedicated to figures with detailed dimensions of the modeling of 
the parallel plate feed.  
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17
2
3
17
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1
2
200Ω 200Ω
200Ω 200Ω
50Ω
1 by 64 power divider 
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Figure B.1 Partition of model for S parameter generation 
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Wave port excitation (200Ω)-
(Deembed Distance 2mm)
a) b)
0.812mm [32mil]
4mm
(Airbox height)
 
Figure B.2 Details of port 1 of one quadrant of the parallel plate feed layer a) 
Dimensions b) Perfect H boundary condition 
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Figure B.3 Dimensions of top layer of parallel plate feed (One quadrant) 
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Substrate:
εr=4.2
Tan(δ)=0.15
H=0.812mm[32mil]
7
.2
m
m
50mm
Air box
Wave port: (port 2)
Out Radius=0.381mm
Inner Radius=0.254mm
H=3mm
Vias=0.254mm
[20mil diam]
 
Figure B.4 Model of bottom layer of parallel plate feed (Side view) 
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m
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Lumped port: (port 1)
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Figure B.5 Model of bottom layer of parallel plate feed (Top view) 
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Figure B.6 Detailed dimensions of model of bottom layer of parallel plate feed 
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APPENDIX C  
DUAL POL BGA ANTENNA ELEMENT DETAILS 
Solder mask openings 
(bottom)
Substrate:
Rogers 5880
H=0.508mm[20mil]
Hittite HMC521
Hittite HMC441
RF excitation RF excitation
10mil vias (diam)
100 Pf Cap 
Microstrip lines 
(Custom)
 
Figure C.1 Model of BGA antenna package assembled 
 
a) b)  
Figure C.2 Single Layer BGA package a) Top b ) Bottom 
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Figure C.3 Top view of antenna package without IC’s (Dimensions) 
 
 
Figure C.4 Functional diagram of up/down converter HMC521 
 
Figure C.5 Functional diagram of driver amplifier HMC441 
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Figure C.6 Transmission lines on alumina substrate (εr=9.6) 
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Figure C.7 Close up of mounted components with wire bond connections 
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Figure C.8 Dimensions for mounting of components on BGA package 
18mil Diameter
Solder Mask openings
(For 20 mil solder balls)
Q2
10mil vias
 
Figure C.9 Solder mask layer at the bottom of the BGA package 
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